First Scientific Working Group Meeting of Airborne Doppler Lidar Wind Velocity Measurement Program by Kaufman, J. W.
NASA CONFERENCE PUBLICATION 
NASA CP-2161 
, I S  FIRST SCIENTIFIC WORKING GROUP MEETING OF 
AIRBORNE DOPPLER L IDAR WIND VELOCITY 
MEASUREMENT PROGRAM 
August  25-26, 1980 
NASA Marshall Space Flight Center 
Edited by John W .  Kaufman 
Space Sciences Laboratory 
October 1980 
Pr epa red by 
Marshal 1 Space F1 i g h t  Center, Alabama 3581 2 
. N A S A  - George C .  Marshall Space F l i g h t  Center 
- 
https://ntrs.nasa.gov/search.jsp?R=19810002129 2020-03-21T16:32:36+00:00Z
National Aeronautics and 
Space Administration 
ciodbrd Space Flight Center 




T E C H N I C A L  
2. GOVERNMENT ACCESSION NO. 1. REPORT NO. 
NASA CP-2i6I  
4. T I T L E  AND SUBTITLE 
First 
Lidar Wind Veloci ty  Measurenicnt I'rograni 
Edi ted by John W. Kaufman 
--- 
S c i e n t i f i c  Working Group Meeting of  Airhornc Doppler 
7. AUTHOR(5) 
-.-_ 
9. PERFORMlNG ORGANIZATION NAME AND ADDRESS 
George C. Marshall  Space F l igh t  Center 
Marshal l  Space F l i g h t  Center ,  Alabama 35812 
12. SPONSORING AGENCY NAME AND ADDRESS 
Nat iona l  Aeronaut ics  and Sp;ice Admini s t  rat ion 
Washington, D.C.  20546 
-_ -- - 
15. SUPPLEMENTARY NOTES 
R E P O R T  S T A N D A R D  1 I T L E  F"' I! 
- 1  
1 
3 .  RECIP IENT 'S  CATALOG NO. 
- _- .- 
5. REPORT DATE 
6. PERFORMING OHGANIZATISN < , ' S I  
October 1980 
---_-. - 
_ .L .  - .  
0.  PERFOPMING ORGANlZkT lON R E r ' i ! i  ' . ~ 
-_I-I. -_ ... . 
70. WORK IINI'; NO, 
i 
-7 --.__ 1 1. C5N'fRACT OH GhAN F NC'. -__- ..-.J 
13. rYiaE O F  REPOR'; & PERlOO CYl ' / f - idL I , /  
I 
Confcrence Pub1 i cat  i o n  ' I 
-*-- t 1 4 .  SPJNSORING AGENCY COfJE 
Prepared by Spacc Scicnccs Laboratory,  Science and Engineer ing D i r e c t o r a t e  
- ---. 
IS,  ABSTRACT 
;IF. (of thln p e a )  
I Unc 1 as s i f i ed Unc 1 a s s  i f i ed 
This  document summ;trizc>s t h c  r c s u l t s  o f  the f i r s t  s c i e n t i f i c  working group 
meet ing of t h e  MSFC A i  rbor.nc> Doppler 1,i  cl;i r Wind Veloc i t y  Mcasurcmcnt Program 
he ld  a t  t h e  Marshall  Space 1 : I i g h t  Ccntcr on August 25-26, 1980. 
21. NO. OF PAGES 22. PRICE 
134 NTIS 
17. KEY WORDS 
Remotely measured winds.  
Laser technology 
Airborne  r e s e a r c h  i n  meteorology 
Doppler p r i n c i p l e s  
TABLE OF CONTENTS 
Page 
1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
MINUTES OF THE FIRST SCIENTIFIC WURKING GROUP MEETING OF THE 












P a r t  I o f  Presenta t ion  by D r .  George H. F i c h t l  
M a t e r i a l  Presented by D r .  Haro ld  B. J e f f r e y s  
P a r t  I o f  Presenta t ion  by D r .  Robert  W .  Lee 
P a r t  I1  o f  Presenta t ion  by D r .  Robert  W. Lee 
M a t e r i a l  Presented by D r .  Lavon 3. M i l l e r  
P a r t  I 1  o f  Presenta t ion  by D r .  George H. F i c h t l  
Report  o f  Convective Phenomena Team 
Report  o f  Secondary Flows, Boundary Layers, 
Turbulence and Wave Team, Report  1 o f  2 
Report  o f  Secondary Flows , Boundary Layers , 
Turbulence and Wave Team, Report  2 o f  2 
Repor t  by D r .  L. Randall Koenig 





The f i r s t  s c i e n t i f i c  working group meeting o f  t h e  MSFC Ai rbo rne  
Doppler L i d a r  Wind V e l o c i t y  Measurement Program was h e l d  August 25-26, 
1980, a t  t h e  Marsha l l  Space F l i g h t  Center. The working group meet ing 
f o l l o w e d  n a t u r a l l y  from an e x p l o r a t o r y  meet ing on t h e  MSFC A i rbo rne  
Doppler L i d a r  system h e l d  a t  MSFC i n  A p r i l  1980. Th is  e f f o r t  i s  p a r t  
o f  t h e  o b j e c t i v e  o f  t h e  Severe Storms and Local Weather Research Program 
of t h e  NASA O f f i c e  o f  Space and T e r r e s t r i a l  A p p l i c a t i o n s  (OSTA). 
The purpose o f  t h e  f i r s t  s c i e n t i f i c  work ing  group meet ing was 
f o u r f o l d :  (1) t o  i d e n t i f y  f l i g h t  t e s t  op t i ons  f o r  eng ineer ing  v e r i f i c a -  
t i o n  o f  t h e  MSFC Doppler L idar ;  ( 2 )  t o  i d e n t i f y  f l i g h t  t e s t  o p t i o n s  f o r  
ga the r ing  da ta  f o r  s c i e n t i f i c l t e c h n o l o g y  a p p l i c a t i o n s ;  ( 3 )  t o  i d e n t i f y  
i \ d d i t i o n a l  suppor t  equipment needed on t h e  CV-990 a i r c r a f t  f o r  t h e  f l i g h t  
t e s t s ;  and ( 4 )  t o  i d e n t i f y  p o s t f l i g h t  da ta  p rocess ing  and da ta  s e t s  r e -  
quirements. 
o p t i o n s  f o r  ga the r ing  da ta  on atmospheric dynamics processes, i n c l u d i n g  
tu rbu lence,  v a l l e y  breezes, and thunderstorm c loud  a n v i l  and c o l d  a i r  
o u t f l o w  dynamics. 
t h e  f i s c a l  year  1981 t e s t s  o f  t he  Doppler L i d a r  system. 
The working group i d e n t i f i e d  approx imate ly  t e n  f l i g h t  
These t e s t  op t ions  w i l l  be used as a bas i s  f o r  p lann ing  
I n  a d d i t i o n  t o  t h e  minu tes  o f  t h e  f i r s t  s c i e n t i f i c  work ing  group 
meet ing,  t h i s  r e p o r t  con ta ins  summaries o f  t h e  m a t e r i a l  p resented  a t  t h e  
meeting, r e p o r t s  by t h e  working groilp t e c h n i c a l  teams, and a meet ing 
at tendance l i s t .  
MINUTES OF THE FIRST SCIENTIFIC WORKING GROUP MEETING OF 
THE AIRBORNE DOPPLER LIDAR W I N D  VELOCITY MEASUREMENT PROGRAM 
The f i rst  s c i e n t i f i c  working group meet ing of t he  MSFC A i rbo rne  
Doppler L i d a r  G l i  nd V e l o c i t y  Measurement Program was he1 d on August 25-26, 
1980,' a t  t h e  NASA Marsha l l  Space F l i g h t  Center .  
The morning o f  t h e  f i r s t  day was devoted t o  p r o v i d i n g  t h e  work ing 
group members w i t h  i n fo rma t ion  about t h e  l i d a r  system, i t s  s t a t u s  and 
schedule, data p rocess ing ,  wind r e t r i e v a l  f r u n  Doppler l i d a r  observat ions,  
an overv iew o f  t h e  Cooperat ive Convection P r e c i p i t a t i o n  Experiment (CCOPE), 
and CV-990 f l i g h t  opera t ions .  Dur ing  t h e  a f te rnoon  o f  t h e  f i r s t  day and 
t h e  e a r l y  morning o f  t h e  second day t h e  work ing group d i v i d e d  i n t o  teams 
t o :  (1 )  i d e n t i f y  and develop f l i g h t  t e s t  o p t i o n s ,  ( 2 )  i d e n t i f y  p o s t f l i g h t  
da ta  processing and da ta  s e t  requi rements,  ( 3 )  r e v i e w  r e a l - t i m e  da ta  d i s p l a y  
requi rements,  and ( 4 )  i d e n t i f y  a d d i t i o n a l  suppor t  equipment needed on t h e  
CV-990 a i r c r a f t  f o r  t h e  FY81 f l i g h t  t e s t s .  
a c t i v i t i e s  were r e p o r t e d  i n  t h e  p lena ry  sess ion o f  t h e  work ing group 
d u r i n g  t h e  l a t e  morning o f  t he  second day. 
The r e s u l t s  o f  these team 
The convec t ive  phenomena team was c h a i r e d  by D r .  James T e l f o r d  o f  
t h e  U n i v e r s i t y  o f  Nevada; t h e  secondary f l ows ,  boundary l a y e r ,  t u rbu lence ,  
and wave team was cha i red  by D r .  Danie l  F i t z j a r r a l d  o f  t h e  F l o r i d a  S t a t e  
U n i v e r s i t y  Geophysical F l u i d  Dynamics Labora tory .  A l i s t  o f  t h e  team 
members i s  prov ided as p a r t  o f  Appendix A.  
r ep resen ta t i ves  o f  t h e  Doppler l i d a r  hardware, da ta  process ing,  and f l i g h t  
ope ra t i ons  aspects o f  t he  program supported t h e  a c t i v i t i e s  o f  t h e  sc ience 
teams. 
A f l o a t  team c o n s i s t i n g  o f  
The agenda o f  t h e  meet ing i s  i nc luded  w i t h  t h e  vugraph m a t e r i a l  
presented by  Dr. George H. F i c h t l  (see  Appendix A ) .  Th i s  m a t e r i a l  a l s o  
i nc ludes  a summary o f  t h e  key r e s u l t s  o f  t h e  A p r i l  1, 1980, e x p l o r a t o r y  
meet ing on t h e  s c i e n t i f i c  and t e c h n o l o g i c a l  a p p l i c a t i o n s  o f  t h e  MSFC 
Doppler L i d a r  System, t h e  s c i e n t i f i c  o p p o r t u n i t i e s  t o  app ly  t h e  l i d a r  
system, an updated sc ience work ing  group schedule, experiments, requi rements,  
and a l i s t  o f  the work ing teams and t h e i r  a c t i v i t i e s .  
c h a r t  on t h e  Doppler 1 i d a r  c h a r a c t e r i s t i c s  which d e p i c t s  how wind v e l o c i t y  
da ta  a r e  acqui red by t h e  Doppler l i d a r .  
A lso  i n c l u d e d  i s  a 
Mr. James B i l b r o  gave a s t a t u s  r e v i e w  o f  t h e  Doppler l i d a r  system 
and schedule. The bas ic  p o i n t s  o f  t h e  p r e s e n t a t i o n  were: ( 1 )  t h e  s t a t u s  
o f  t h e  Doppler l i d a r  hardware and m o d i f i c a t i o n s ,  ( 2 )  placement o f  t h e  
l i d a r  and associated hardware on board t h e  CV-990 a i r c r a f t ,  ( 3 )  va r ious  
procedures f o r  pu l s ing  t h e  l a s e r  beam, ( 4 )  data  r e d u c t i o n  o p t i o n s  and 
e r r o r  analyses i n  rega rd  t o  p o i n t i n g  t h e  l a s e r  beam, ( 5 )  range c a p a b i l i t y  
( i . e . ,  o u t  t o  approx imate ly  10 km), e t c .  
D r .  Haro ld J e f f r e y s  and M r .  Car l  Buck p rov ided  i n f o r m a t i o n  on t h e  
r e a l - t i m e  da ta  processing and d i s p l a y  o f  data.  A lso,  t h e  p o s t f l i g h t  da ta  
processing issue was discussed (see Appendix B ) .  The d a t a  d i s p l a y  t o p i c s  
inc luded t h e  on-board a i r c r a f t  data a c q u i s i t i o n  system (ADDAS) as  w e l l  as 
t h e  i n e r t i a l  n a v i g a t i o n  system (INS) and a n c i l l a r y  data (e.g. ,  temperature/  
dew p o i n t )  t o  be obta ined.  
t h e  c u r r e n t  concept f o r  d i s p l a y i n g  t h e  maximum i n t e n s i t y  o f  t h e  Doppler 
l i d a r  backscat te r  s i g n a l  migh t  be d i f f i c u l t  t o  i n t e r p r e t  d u r i n g  f l i g h t  
opera t ions .  
d i s p l a y  such i n f o r m a t i o n  i n  v iew o f  t h e  f a c t  t h a t  new data a r e  i m p o r t a n t  
r e l a t i v e  t o  assessing Doppler 1 i d a r  performance and f o r  making s c i e n t i f i c  
and o p e r a t i o n a l  d e c i s i o n s  i n  r e a l  t ime. James E i l b r o  p o i n t e d  o u t  t h a t  a 
c e r t a i n  amount o f  m o d i f i c a t i o n  o f  the c u r r e n t l y  planned on-board process ing 
and data d i s p l a y  i s  poss ib le ,  so t h a t  a separate d i s p l a y  o f  Poppler l i d a r  
backscat te r  i n t e n s i t y  may be poss ib le .  The o n l y  c o n s t r a i n t s  f o r  imple-  
ment ing t h e  separate d i s p l a y  o f  Doppler l i d a r  backscat te r  i n t e n s i t y  a r e  
computer memory s i z e  and c o s t .  
The working group members expressed concern t h a t  
I t  was suggested t h a t  a separate CRT d i s p l a y  should be used t o  
Quest ions  arose about t h e  amount o f  t i m e  r e q u i r e d  t o  hardcopy t h e  
Doppler l i d a r  data aboard t h e  CV-990 a i r c r a f t  a f t e r  i t  i s  d i s p l a y e d  on 
t h e  o u t p u t  CRT (which a l s o  serves a s  t h e  s to rage d e v i c e  o f  processed 
Doppler l i d a r  data f o r  t h e  on-board data p rocess ing) .  
t h a t  i t  takes 10 seconds t o  o b t a i n  a hardcopy o f  data,  so t h a t  v e r y  l i t t l e  
da ta  would be l o s t  d u r i n g  t h e  copy r o u t i n e .  
I t  was p o i n t e d  o u t  
The p o s t f l i g h t  process ing o f  wind components i n t o  wind v e c t o r s  was 
discussed. I t  was p o i n t e d  o u t  t h a t  t h e  fo rward  and rearward l o o k i n g  
Doppler l i d a r  beams a r e  separated i n  t ime,  w i t h  t h e  t i m e  d i f f e r e n t i a l  
i n c r e a s i n g  w i t h  range. I t  was f u r t h e r  noted t h a t  combinat ion o f  t h e  
forward and rearward l o o k i n g  beams i n t o  wind v e c t o r s  i s  a m a t t e r  o f  
s c i e n t i f i c  i n t e r p r e t a t i o n .  Therefore,  t h e  work ing group suggested t h a t  
data se ts  o f  fo rward  and rearward l o o k i n g  Doppler l i d a r  winds should be 
prov ided,  i n  a d d i t i o n  t o  a da ta  se t  i n  which t h e  fo rward  and rearward 
l o o k i n g  beams a r e  combined i n  a r a t i o n a l  manner t o  y i e l d  t o t a l  wind vec tors .  
I n  t h e  c o n t e x t  o f  d e f i n i n g  c loud boundar ies,  quest ions arose 
(Dr.  Richard Doviak and D r .  W i l l i a m  Vaughan) concern ing t h e  d i s t a n c e  t h e  
l a s e r  beam c o u l d  penet ra te  i n t o  a c loud.  James B i l b r o  s a i d  t h a t  i n  most 
c o n v e c t i v e  c l o u d  cases t h e  Doppler 1 i d a r  beam w i l l  have negl  i g i  b l  e pene- 
t r a t i o n ;  however, i f  c louds a r e  s i g n i f i c a n t l y  t h i n  (e.g., c i r r u s ) ,  s i g n i f i -  
c a n t  p e n e t r a t i o n  can occur.  The answer w i l l  depead on t h e  drop o r  c r y s t a l  
s i z e  d i s t r i b u t i o n  and l i q u i d  water o r  i c e  c o n t e n t  w i t h i n  t h e  c loud.  
was a l s o  noted by James B i l b r o  t h a t ,  f o r  a t y p i c a l  c o n v e c t i v e  c loud,  a v e r y  
pronounced change i n  backscat te r  s i g n a l  i n t e n s i t y  w i l l  occur  and t h a t  t h i s  
r e t u r n  cou ld  be used t o  de f ine  c loud backscat te r  and c l o u d  boundary i n  
t h e  p o s t f l i g h t  data process ing a c t i v i t y .  
I t  
D r .  Robert  W .  Lee prov ided a p r e s e n t a t i o n  on wind r e t r i e v a l  f rom 
Doppler l i d a r  observations. 
T h i s  p r e s e n t a t i o n  c l e a r l y  po in ted  o u t  t h e  need f o r  p r e c i s e  s p e c i f i c a t i o n  
o f  p o s t f l i g h t  data s e t  requirements r e l a t i v e  t o  accurac ies,  conf idence 
bands, combinat ion o f  forward and rearward l o o k i n g  wind components t o  
o b t a i n  t o t a l  v e c t o r  winds, and c a l c u l a t i o n  o f  k inemat ic  q u a n t i t i e s ,  such 
H i s  :il:graphs a r e  prov ided i n  Appendix C. 
3 
as v o r t i c i t y ,  divergence, e t c .  Appendix D i s  a r e p o r t  by Robert Lee on 
wind f i e l d  r e t r i e v a l  from Doppler l i d a r  observa t ions  which i nc ludes  much 
o f  t h e  m a t e r i a l  presented by D r .  Lee a t  t h e  meeting. 
D r .  Lavon J .  M i l l e r  p rov ided an overv iew of t h e  CCOPE. Appendix E 
i s  t h e  m a t e r i a l  used i n  h i s  p resen ta t i on .  
a f t e r  t h i s  p resen ta t i on  r e l a t i v e  t o  ( 1 )  f l i g h t  ope ra t i ons  and ( 2 )  t h e  k inds  
o f  da ta  t h a t  could be acqu i red  w i t h  t h e  Doppler l i d a r  a t  t h e  CCOPE. 
i s  c l e a r  f rom the  d i scuss ions  t h a t  c l o s e  c o o r d i n a t i o n  and ex tens i ve  p lann ing  
w i t h  t h e  CCOPE on the  p a r t  o f  t h e  Doppler l i d a r  team members w i l l  be 
r e q u i r e d  if the Doppler l i d a r  i s  used a t  t h e  CCOPE. I n  t h i s  rega rd  Lavon 
M i l l e r  requested t h a t  r e p r e s e n t a t i v e s  from t h e  Doppler 1 i d a r  team p a r t i c i -  
pa te  i n  t h e  October CCOPE a i r c r a f t  ope ra t i ons  p lann ing  meet ing t o  be he ld  
a t  NCAR, Boulder, Colorado. Cur ren t  p lans  i n c l u d e  t h e  at tendance o f  
George F i c h t l  and John Kaufman a t  t h i s  meet ing.  Furthermore, d u r i n g  t h e  
CCOPE, c l o s e  coo rd ina t i on  o f  t h e  CV-990 f l i g h t  ope ra t i ons  w i t h  t h e  CCOPE 
ope ra t i ons  cen'ter i n  M i l e s  City, Montana, w i l l  be requ i red .  
prove t o  be problemat ic  because t h e  CV-990 w i l l  most l i k e l y  be s t a t i o n e d  
a t  Rapid Ci ty,  South Dakota. 
so lved . 
Extens ive  d i scuss ion  took  p lace  
It 
Th is  cou ld  
However, i t  i s  n o t  a problem t h a t  cannot be 
The CCOPE o f f e r s  t h e  o p p o r t u n i t y  t o  a c q u i r e  ground t r u t h  wind v e l o c i t y  
measurements w i t h  t h e  Doppler rada rs  i n  t h e  CCOPE r a d a r  network f o r  v e r i f i -  
c a t i o n  o f  t h e  Doppler l i d a r  system. I n  a d d i t i o n ,  s c i e n t i f i c  o p p o r t u n i t i e s  
r e l a t i v e  t o  per forming fundamental s t u d i e s  w i t h  t h e  Doppler l i d a r  may be 
p o s s i b l e  a t  the CCOPE i n  rega rd  t o  g u s t  f r o n t  dynamics, a n v i l  dynamics and 
p r e c i p i t a t i o n  e f f i c i e n c y ,  d r y  a i r  en t ra inment  assoc ia ted  w i t h  cumulus 
t u r r e t s ,  and feeder f l o w  under small  cumulus c louds ,  as w e l l  as boundary 
l a y e r  s t u d i e s  i n  prestorm c o n d i t i o n s .  Th is  i s  d iscussed i n  more d e t a i l  i n  
t he  r e p o r t  by the convec t ive  phenomena team (Appendix G). 
George Alger  commented on how CV-990 opera t i ons  w i l l  t ake  p lace .  He 
po in ted  o u t  t h a t  t h e  CV-990 has approx imate ly  a 7-hour f l i g h t  endurance. 
T y p i c a l l y  f o r  a f l i g h t  t e s t  a 1-hour p e r i o d  w i l l  be r e q u i r e d  f o r  f l i g h t  
p lann ing ,  and the  f l i g h t  would take  p lace  approx imate ly  2 hours a f t e r  t h e  
p lann ing  phase. Thus, weather f o r e c a s t s  w i l l  p l a y  a key r o l e  i n  our f l i g h t  
a c t i v i t i e s .  George A lger  po in ted  o u t  t h a t ,  once t h e  CV-990 i s  i n  t h e  a i r ,  
changes i n  t h e  f l i g h t  p lan  a re  poss ib le .  However, such changes i n  f l i g h t  
p lans  must be coord ina ted  w i t h  James B i l b r o  and George A lger  t o  coo rd ina te  
t h e  changes w i t h  t h e  p i l o t s .  M r .  A lger  s t a t e d  t h a t  t h e  f i r s t  two t o  t h r e e  
f l i g h t s  w i l l  most l i k e l y  be used f o r  g e t t i n g  "bugs" o u t  o f  t h e  ins t ruments  
and f a m i l i a r i z i n g  t h e  f l i g h t  crew w i t h  t h e  o p e r a t i o n  o f  t h e  Doppler l i d a r .  
A f t e r  these d iscuss ions ,  George F i c h t l  gave a p r e s e n t a t i o n  i n  prepara-  
t i o n  f o r  t h e  team meetings t h a t  t ook  p lace  i n  t h e  a f te rnoon and t h e  n e x t  
morning (August 26) .  H i s  p r e s e n t a t i o n  c h a r t s  a r e  g i v e n  i n  Appendix F. 
The r e p o r t s  o f  t h e  team meet ings a r e  p rov ided  i n  Appendices H th rough J .  
Reports by D r .  R ichard Doviak (NSSL) and D r .  Randal l  Koenig (NSF) p r o v i d e  
d e t a i l s  on recommended f l i g h t  t e s t  op t i ons ,  recommended f l i g h t  paths, 
on-board da ta  d isp lays ,  p o s t f l i g h t  da ta  process ing,  s c i e n t i f i c  and t e c h n i c a l  
r a t i o n a l e ,  and purposes (Appendices I and J. 
The meet ing proved t o  be successfu l  i n  accompl ish ing t h e  goa ls  s e t  
The i d e n t i f i e d  f l i g h t  op t i ons  and o t h e r  f o r t h  e a r l i e r  i n  these minutes.  
i n p i i t s  w i l l  be u1,ed t o  prepare a f l i g h t  o p t i o n  document. 
w i l l  sunimarize t n e  oxperirnents and ~ ~ 1 1  he used: ( 1 )  f o r  de te rm ina t ion  o f  
Doppler l i d a r  optZt-;ltiondl s e t t i n g s ,  t ’ . q . ,  pu lse  l e n g t h ,  number o f  pu lses 
t o  be used i n  c a l c u l a t  ng averages, I L ‘ , ~ . ,  and ( 2 )  f o r  CV-990 f l i g h t  
p lann ing .  
Th is  document 
(lu es t i  o ns r r d 
(205 453-0875) cjr’ John 
ny these miri;rtes may be d i r e c t e d  t o  George H. F i c h t l  
W .  Kaufnian (205 453-3104). 
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Abstract 
An approach to  t h e  r e t r i e v a l  of a v e c t o r  wind f i e l d  from 
Doppler l i d a r  obse rva t ions  i s  developed i n  g e n e r a l  terms. The 
f i e l d  of r a d i a l  v e l o c i t y  measurements from each look angle is 
modeled by a smooth s u r f a c e ,  t h e  parameters  of t h e  model being 
determined from t h e  d a t a  by l ea s t - squa res  techniques .  The 
v e c t o r  wind f i e l d  and higher-order f i e l d s  a r e  ob ta ined  from t h e  
two modeled s u r f a c e s .  Estimated measurement errors a r e  t a k e n  
i n t o  account, and error estimates a r e  a v a i l a b l e  f o r  a l l  ou tpu t  
data  sets. 
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I .  Introduction 
This report is concerned with the problem of retrieving vector wind 
measurements in a plane from radial wind measurements made in that plane 
using two different look angles. There are several possible approaches to 
this problem, but certain characteristics of the data require a certain amount 
of ca?e in the selection of the approach. 
The measurements are made by an airborne Doppler lidar system. The 
c 
. 
sensitivity of this system.1~ limited, and the windfield tracer - naturally 
occurring aerosols - is not always present in sufficient quantities for a 
satisfactory return. For this reason the radial velocity measurements will 
vary greatly in accuracy, causing errors in the inferred vector field whfch 
will be magnified by the less than perfect orthogonality of the two look 
angles. Finally, the utility of the higher-order attributes to be derived 
from the vector windfield - vorticity and dtvergence, for example - will be 
limited by noise and error in the inversion process. 
These considerations clearly suggest an inversion algorithm which is 
tolerant of gross measurement errors and which minimizes the effects of random 
errors in the data. Achieving these goals without greatly reducing the 
resolution of the measurements requires care. 
Section I1 below consists of a more precise definition of the inversion 
problem. Elements of this deflnition a r c  presented in detail In section 111. 
The primary inversion steps of etfit1r;g 3r.d srnoothing are considered in section 
IV. Two related topics are discussctl b r i e f l y  in section V, while the steps 
required for implementation and evaluation of t h e  suggested algorithm are 
outlined in section VI. This final step - the evaluation of the SoIution 
algorithm - is just as important as the selection of the algorithm itself. 
Only when the error characteristics of the solution are known can one 
interpret the measurements with confidcnce. 
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11. Problem d e f i n i t i o n  
Simply s t a t e d ,  t h e  g o a l  i s  t o  d e r i v e  a two-dimensional v e c t o r  f i e l d  from 
two s c a l a r  f i e l d s .  I n  p r a c t i c e ,  most of t h e  d a t a  manipulat ion w i l l  t a k e  p l a c e  
on t h e  s e p a r a t e  s c a l a r  f i e l d s  ( see  s e c t i o n  V.B, however, f o r  an a l t e r n a t e  
s t r a t e g y ) ,  and conversion t o  a v e c t o r  f i e l d  becomes a f i n a l ,  t r i v i a l  opera t ion .  
S i n c e  a s o l u t i o n  t o  t h e  problem posed depends upon t h e  d e f i n i t i o n  of t h a t  
problem, some c a r e  must  be exerc ised  i n  c h a r a c t e r i z i n g  t h e  problem i t se l f .  Of 
p a r t i c u l a r  importance h e r e  a r e  c e r t a i n  problems i n h e r e n t  i n  t h e  measurements, 
and t h e  need f o r  a cons idered  d e f i n i t i o n  of t h e  p r o p e r t i e s  d e s i r e d  i n  t h e  
s o l u t i o n .  
1 I . A .  Problems wi th  t h e  d a t a  
The measurements of t h e  two r a d i a l  v e l o c i t y  f i e l d s  may be s p a r s e  (missing 
d a t a  p o i n t s ) ,  and t h e y  c e r t a i n l y  w i l l  va ry  g r e a t l y  i n  q u a l i t y .  These two 
a t t r i b u t e s  w i l l  be pre-eminent i n  t h e  s e l e c t i o n  of a s o l u t i o n  algori thm. I n  
a d d i t i o n ,  t h e  measurements a r e  made on i r r e g u l a r  g r i d s ,  w i t h  no agreement 
between t h e  measurement p o i n t s  i n  t h e  t w o  s c a l a r  f i e l d s .  F i n a l l y ,  t h e  t w o  
s c a l a r  o b s e r v a t i o n s  a r e  no t  or thogonal ,  making t h e  c o n d i t i o n i n g  of t h e  s c a l a r -  
v e c t o r  t ransformat ion  less t h a n  i d e a l .  
1I .B.  Desired r e s u l t s  
I t  is  not  e a s y  t o  q u a n t i f y  t h e  c h a r a c t e r i s t i c s  r e q u i r e d  i n  t h e  s o l u t i o n  
d a t a  set, but i t  is important t o  attempt t o  do so. The so lu t ion  a lgor i thm 
w i l l  be optimized according t o  these c r i t e r i a ,  so o b v i o u s l y  t h e  c r i te r ia  must 
be a p p r o p r i a t e .  
The g e n e r a l  requirement is f o r  smooth f l o w  f i e l d s  of known accuracy. 
These f i e l d s  must be u s e f u l  i n  a v i s u a l  s e n s e ,  and t h e  errors i n  t h e  s t a t i s t i c a l  
p r o p e r t i e s  of t h e s e  f i e l d s  must be known and a c c e p t a b l y  small .  
1I .C.  The so lu t ion  i n  g e n e r a l  terms 
C l e a r l y  t h e  pa th  t o  t h e  s o l u t i o n  i s  one of d a t a  smoothing and i n t e r p o l a t i o n .  
These s t e p s  must be accomplished i n  a way t h a t  i s  o p t i m a l  g iven  t h e  d a t a  
c h a r a c t e r i s t i c s  and t h e  desired g o a l s  of t h e  s o l u t i o n  f i e l d .  
s o l u t i o n  must be e f f i c i e n t  i n  t h a t  i t  makes u s e  of a l l  a p r i o r i  in format ion  
about t h e  measurements. 
I n  a d d i t i o n ,  t h e  
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1I.D. Steps  r equ i r ed  f o r  s o l u t i o n  implementation 
In a d d i t i o n  t o  c a r e f u l  statement of t h e  problem and t h e  d e s i r e d  s o l u t i o n  
goa l s ,  s e l e c t i o n  of an a lgor i thm requires a proccdure f o r  e v a l u a t i o n  of t h e  
a lgor i thm according t o  those  goa l s .  S u c h  an eva lua t ion  w i l l  r e q u i r e  o p e r a t i o n  
on real  and s imula ted  d a t a  sets, w i t h  visual nnd s t a t i s t i c a l  i n t e r p r e t a t i o n  of 
t h e  end products .  
opt imized f o r  t h e  a c t u a l  c h a r a c t e r i s t i c s  expected of t h e  raw da ta .  
11 Under t h e s e  condi t ions  t h e  a lgor i thm can  be tuned" and 
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111. Expanded problem d e f i n i t i o n  
1 I I . A .  S p e c i f i c  n a t u r e  of d a t a  r e l e v a n t  t o  opt imal  f i e l d  r e t r i e v a l  
As mentioned above, t h e  d a t a  is s p a r s e .  This  may be due to  range 
a t t e n u a t i o n ,  lack of a e r o s o l s ,  or both. While miss ing  d a t a  p o i n t s  w i l l  be a 
p a r t i c u l a r  problem a t  long range, t h e y  can  occur  a t  any range. 
The q u a l i t y  of t h e  measurements w i l l  v a ry  g r e a t l y .  The Doppler e s t i m a t o r  
used f o r  measurement of r a d i a l  v e l o c i t y  has c e r t a i n  (known) e r r o r  c h a r a c t e r i s t i c s  
depending upon t h e  s igna l - to-noise  r a t i o  of t h e  s i g n a l  r e t u r n  and t h e  s p e c t r a l  
width of t h e  s i g n a l .  The p r o b a b i l i t y  d i s t r i b u t i o n  of t h i s  e r r o r  is  ske tched  
i n  f i g u r e  1. It c o n s i s t s  of t w o  p a r t s :  a no rma l ly -d i s t r ibu ted  term N and a 
un i fo rmly -d i s t r ibu ted  term U. A t  ve ry  low s igna l - to -no i se  r a t i o s  t h e  uniformly- 
d i s t r i b u t e d  term g ives  rise t o  wild" e s t i m a t e s  of r a d i a l  v e l o c i t y ,  which 
account f o r  most of t h e  e r r o r  var iance .  
I 1  
I n  a d d i t i o n  t o  e s t ima t ion  e r r o r s  produced by t h e  Doppler p rocesso r  t h e r e  
is an i n h e r e n t  sampling e r r o r  p re sen t  r e g a r d l e s s  of t h e  s igna l - to -no i se  r a t i o .  
S ince  t h e  Doppler r e t u r n  h a s  f i n i t e  bandwidth any f i n i t e  r e a l i z a t i o n  of t h a t  
r e t u r n  w i l l  be sub jec t  t o  an e r r o r  v a r i a n c e  due t o  sampling. A t  h igh  s i g n a l -  
to -noise  r a t i o s  t h i s  is t h e  dominant error term. 
The l o c a t i o n s  a t  which r a d i a l  v e l o c i t i e s  a r e  observed do no t  form a 
regular g r i d .  
s l i g h t l y  due t o  aircraft dynamics, a s  shown I n  exaggera ted  form i n  f i g u r e  2. 
The g r i d p o i n t s  of one s c a l a r  f i e l d  w i l l  b e a r  l i t t l e  o r  no r e l a t i o n s h i p  t o  
t h o s e  of t h e  o t h e r  f i e l d .  The obse rva t ion  ang le s  w i l l  no t  d i f f e r  by t h e  d e s i r e d  
90 degrees ,  bu t  by approximately 4 0  degrees .  
magnify d a t a  errors i n  t h e  vector component p a r a l l e l  to  t h e  a i r c r a f t  t r a c k .  
The 
The ang le s  a t  which t h e  o b s e r v a t i o n s  a r e  t aken  w i l l  va ry  
T h i s  l a c k  of o r t h o g o n a l i t y  w i l l  
The s p a t i a l  sampling of t h e  l a s e r  beam p r e s e n t s  f u r t h e r  problems. 
beam r e s o l u t i o n  c e l l  is long  (400 m) and narrow (-30 c m  r a d i u s ) ;  each 
measurement w i l l  c o n s i s t  of t h e  average of a number of such  ce l l s  d i s p l a c e d  
h o r i z o n t a l l y  by approximately 1 meter. Such a resolution volume w i l l  average  
e f f e c t i v e l y  I n  one s p a t i a l  dimension ( r ange ) ,  but n o t  i n  t h e  o t h e r  t w o .  
r e s u l t i n g  under-sampling of t h e  s p a t i a l  w indf i e ld  ( p a r t i c u l a r l y  i n  t h e  v e r t i c a l  
dimension) w i l l  lead t o  an inc reased  e r r o r  v a r i a n c e  i n  t h e  d a t a  from a l i a s e d  
energy  i n  t h e  s p a t i a l  w indf i e ld .  
t h e  measurements a r e  not n e c e s s a r i l y  made i n  t h e  d e s i r e d  p l ane ,  but a t  a 
h o r i z o n t a l  a n g l e  sub jec t  t o  random excur s ions  about zero .  Indeed, t h e  effect  
The 








errora for a certain signal-to-noise ratio. N and U are 
normally- and uniformly-distributed variance components. 
Probability distribution of Doppler estimation 
Aircraft track 
Figure 2: Exaggerated observation grid. X and 0 represent 
b8ckward and forward look angle data points. 
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w i l l  be reduced by i n t e n t i o n a l l y  j i t t e r i n g  t h e  v e r t i c a l  axis of t h e  system t o  
achieve some averaging i n  t h a t  dimension. 
If t h e  t u r b u l e n t  parameters of t h e  w i n d f i e l d  can be estimated - and t h i s  
should be p o s s i b l e  from t h e  d a t a  i t s e l f  - t h e n  t h e  v a r i a n c e  due t o  under- 
samplink can be est imated.  
F i n a l l y ,  t h e r e  Is a d a t a  problem due t o  t h e  f a c t  t h a t  t h e  t w o  s c a l a r  
f i e l d s  do  no t  r c s u l t  from simultaneous observa t ions .  'me time l a g  between t h e  
o b s e r v a t i o n s  v a r i e s  wi th  range,  being on t h e  o r d e r  of 30 seconds a t  mn;cimum 
rnnce. This  is s u f f i c i e n t  t i m e  f o r  t h e  windf ie ld  t o  t r s i i s l a t e  by one or more 
r e s o l u t i o n  cel ls ,  and it may be necessary t o  advect  t h e  measurements according 
t o  t h e  l o c a l  mean wind v e c t o r  f o r  an a p p r o p r i a t e  time I n t c r v a l  (which may v a r y  
w i t h  range)  in d r d e r  t o  achieve  t h e  r e q u i r e d  t i m e  r e g i s t r a t i o n  of t h e  
messuremnts .  
1 I I . B .  Invers ion  g o a l s  
The first use of t h e  v e c t o r  f low f i e l d  w i l l  be  v i s u a l ,  i n  t h e  unders tanding  
of f low f i e l d s  i n  t h e  c l e a r - a i r  v i c i n i t y  of s e v e r e  storms. Thus t h e  i n f c r r c d  
v e c t o r  f i e l d  must be  s u f f i c i e n t l y  smooth t o  al low t h e  eye  t o  trace p a r c c l  
f l o w .  S t a t e d  another  way, t h e  c o n t i n u i t y  between ne ighbor ing  v e c t o r  estimatcs 
must be reasonably high. 
Aside from v i s u n l  a e s t h e t i c s  t h e  v e c t o r  f i e l d  must possess  c e r t a i n  
s t a t i s t i c a l  p r o p a r t i e s .  Useful  v o r t i c i t y  and divergence f i e l d s  must bc 
o b t a i n a b l e  from it. T h i s  i n  t u r n  r e q u i r e s  t h a t  t h e  errors i n  t h e  e s t i m a t e d  
divergence and v o r t i c i t y  be below some t h r e s h o l d  (perhap:; a c e r t a i n  pcrccntngc  
error) f o r  a s u b s t a n t i a l  percentage of t h e  o b s e r v a t i o n s ,  and i n  a d d i t i o n  t h a t  
the e r r o r s  themselves can be es t imated .  
O.Ol/scc is n o t  u s c f u l  i f  t h e  s tandard  e r r o r  1s O.l/scc, or i f  the c r r o v  I S  
unknown. The allowable errors i n  v e c t o r  wind Rnd h igher -order  f u n c t i o n a ,  
expressed as percentages a t  some conf idenco l e v e l ,  a r e  very  importnnt i n w t o  
t o  t h e  a lgor i thm opt imiza t ion  and e v a l u a t i o n  process .  
Obviously n v o r t i c i t y  es t l rnnto C.2 
F i n a l l y ,  t h e  i n v e r t e d  d a t a  must be  a s  complete a s  p o s s i b l e .  G ~ P B  i n  
t h e  der ived  f i e l d s  must be f i l l e d  where p o s s i b l e  by i n t e r p o l a t i o n ,  even though 
t h i s  may reduce r e s o l u t i o n  i n  t h e  v i c i n i t y  of t h e  miss ing  d a t a  p o i n t s .  
must be exerc ised  i n  such i n t e r p o l a t i o n  t o  e n s u r e  t h a t  good data P o i n t s  
not  contaminated by bad. 
C a r 0  
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1I I .C .  Genera l ized  s o l u t i o n  
. 
I n  g e n e r a l  smoothing and i n t e r p o l a t i o n  a r e  achieved through t h e  r e d u c t i o n  
i n  t h e  degrees  of freedom of t h e  s o l u t i o n  f i e l d  below t h o s e  of t h e  i n p u t  d a t a ,  
and through c a r e f u l  s e l e c t i o n  of those degrees of freedom r e t a i n e d  i n  t h e  
s o l u t i o n .  Only by s a c r i f i c i n g  degrees of freedom - and here r e s o l u t i o n  - i n  
t h e  s o l u t i o n  f i e l d  can d a t a  r e l i a b i l i t y  be enhanced and e r r o r  v a r i a n c e  es t imated .  
S ta ted  i n  s p a t i a l  terms, r e s o l u t i o n  is reduced t o  o b t a i n  g r e a t e r  d a t a  s t a b i l i t y .  
In s p e c t r a l  t e rms ,  knowledge of f i e l d  components of h igh  s p a t i a l  f requency  is 
sacrificed so t h a t  knowledge of lower s p a t i a l - f r e q u e n c y  components w i l l  be 
enhanced. C l e a r l y  a ba lance  must be s t r u c k  somewhere i n  between t h e  extremes: 
p e r f e c t  knowledge of t h e  mean wind on a 10x10 km squa re  is of l i t t l e  v a l u e  i n  
t h e  severe-storm program, a s  is no knowledge on a 100x100 m g r i d .  
The g e n e r a l  p rocess  of smoothing and i n t e r p o l a t i o n  is one of modeling. 
One selects a mathematical  framework by which t o  model t h e  output  f i e l d ,  and 
de termines  t h e  parameters of t h a t  model from t h e  measurements. 
The success  of t h e  smoothing process depends t o  a l a r g e  e x t e n t  upon t h e  
s u i t a b i l i t y  of t h e  model selected. The model must be a p p r o p r i a t e  i n  s e v e r a l  
r e s p e c t s .  F i r s t  i t  must  be a b l e  t o  rcpresent t h e  n a t u r a l  f e a t u r e s  of t h e  
w i n d f i e l d  adequate ly .  I t  must be  poss ib l e  to  c o n t r o l  t h e  spa t i a l - f r equency  
r e sponse  of t h e  model r e a d i l y ,  t o  a l low c o n t r o l  over  the  smoothness of the 
s o l u t i o n .  F i n a l l y ,  it must be mathematically t r a c t a b l e :  a model is n o t  u s e f u l  
i f  i t  t a k e s  an  hour of computer time t o  i n v e r t  a minute ' s  worth of da t a .  
Once a model is selected t h e  parameters of t h a t  model may be determined 
from t h e  data. Such a parameter fit  may be achieved i n  a s t r a igh t foxward  
manner u s i n g  l e a s t - s q u a r e s  techniques,  but n o t e  t h a t  t h i s  r e q u i r e s  u s e  of 
o b j e c t i v e  error cri teria.  The s o l u t i o n  is op t ima l  i n  te rms  of these c r i t e r i a ,  
but one must make s u r e  t h a t  t h e  c r i t e r i a  a r e  appropr i a t e .  I n  g e n e r a l  t h e s e  
c r i t e r i a  w i l l  i nvo lve  some compromise between s p a t i a l  r e s o l u t i o n  and d a t a  
s t a b i l i t y ,  between smoothness or c o n t i n u i t y  and error va r i ance .  
Given t h a t  a model has  been s e l e c t e d  and t h e  s o l u t i o n  ob ta ined  f o r  a 
c e r t a i n  set of error cr i ter ia ,  i t  remains t o  e v a l u a t e  t h e  probable  e r r o r s  i n  
t h e  v a r i o u s  end p roduc t s  - z i n d  ~ e c t o r n ,  v o r t i c i t y ,  etc. 
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1 I I . D .  So lu t ion  implementation 
The gene ra l i zed  s o l u t i o n  o u t l i n e d  above can  be Implemented i n  t h e  fo l lowing  
sequence: 
1) Obtain data. In  a d d i t i o n  t o  r e c o r d i n g  t h e  raw data, t h i s  s t e p  
inc ludes  ob ta in ing  a l l  a n c i l l a r y  d a t a  which w i l l  be u s e f u l  i n  d a t a  i n t e r p r e t a t i o n  - 
time and l o c a t i o n ,  look angles ,  o t h e r  me teo ro log ica l  d a t a ,  etc. 
2) E s t a b l i s h  d a t a  r e l i a b i l i t y .  From t h e  s igna l - to-noise  r a t i o  e s t i m a t e  
and other parameters,  estimate t h e  p robab le  e r r o r  of t h e  v e l o c i t y  estimate. 
Th i s  e r r o r  may c o n s i s t  of t w o  p a r t s  w i th  d i f f e r e n t  p r o b a b i l i t y  d i s t r i b u t i o n s .  
3) Edi t ing .  The d a t a  must be put  i n t o  a form t h a t  t h e  smoothing a lgo r i thm 
can  use.  I n  a d d i t i o n  t o  a s s i g n i n g  a weight t o  t h e  da ta  p o i n t  r e f l e c t i n g  i ts  
probable  e r r o r ,  and a s s i g n i n g  t o  t h a t  p o i n t  c o o r d i n a t e s ,  s p e c t r a l  w i d t h ,  e tc . ,  
an  a d d i t i o n a l  ope ra t ion  is d e s i r a b l e .  The measurement may be compared w i t h  
ne ighbor ing  p o i n t s  ( i n  t w o  dimensions) as a test of measurement c o n t i n u i t y .  
I f  the  measurement is d i s c r e p a n t  i ts  weight may be reduced. T h i s  p r o c e s s  w i l l  
remove t o  a g r e a t  extent t h e  e f f e c t s  of " w i l d "  estimates produced by t h e  
uniform p o r t i o n  of t h e  Doppler e s t i m a t o r  error. This o p e r a t i o n  i s  exp lo red  
i n  more d e t a i l  i n  s e c t i o n  1V.A. 
4) Smoothing. This step i n c l u d e s  s o l v i n g  f o r  t h e  model parameters i n  
terms of t h e  weighted d a t a ,  i n t e r p o l a t i n g  where r e q u i r e d ,  and reducing  t h e  
r e s o l u t i o n  of t h e  measurements where data q u a l i t y  is l o w .  Estimates of error 
v a r i a n c e s  should  be c a r r i e d  through t h i s  process .  
can be sampled on any desired g r i d .  This  o p e r a t i o n  is described i n  de ta i l  i n  
s e c t i o n  1V.B. 
5 )  
F i n a l l y ,  t h e  s o l u t i o n  f i e l d  
Produce vec to r  f i e l d .  The t w o  scalar  f ields may be combined t o  form 
t h e  vector flow f i e l d ,  aga in  c a r r y i n g  through t h e  estimated e r r o r s .  
6) Produce end products.  H i g h e r o r d e r  f i e l d s  may be obta ined  through 
o p e r a t i o n s  upon t h e  v e c t o r  flow f i e l d s ,  i n  each case c a r r y i n g  e r r o r  e8timatetB 
through t h e  process.  
7 )  Evaluation. The l a s t  s t e p  is t o  e v a l u a t e  t h e  u t i l i t y  of t h e  r e s u l t i n g  
end p roduc t s ,  
from e r r o r  propagation which a spec t  
t h e  r e s u l t .  
whether o r  not a l t e r a t i o n s  i n  t h e  model can reduce  t h e  e f f e c t s .  
I f  t h e r e  are s e r i o u s  problems w i t h  them, i t  must be determined 
of t h e  raw d a t a  most s e r i o u s l y  COmPrOmiSeS 
If t h a t  d a t a  a s p e c t  cannot be  c o r r e c t e d ,  i t  should  be determined 
IV.  De ta i l ed  implementation 
1V.A. Data e d i t i n g  
The g o a l  of t h e  da t a  e d i t i n g  process is  t o  produce data  of known error 
c h a r a c t e r i s t i c s  f o r  t h e  smoothing a lgor i thm.  A l l  i n fo rma t ion  a v a i l a b l e  must 
be brought t o  bea r  i n  e v a l u a t i n g  a given d a t a  po in t .  
i n c l u d e s  t h e  most important f a c t o r s .  
The f o l l o w i n g  list 
1) Sagnal-to-noise r a t i o .  From t h e  s i g n a l  amplitude e s t i m a t e  a t  t h e  
range  g a t e  of i n t e r e s t ,  i n  comparison wi th  t h e  amplitude estimates a t  v e r y  
l a r g e  ranges  (where no s i g n a l  i s  expected),  an e s t i m a t e  of t h e  s igna l - to -no i se  
r a t i o  can  be obta ined .  
(known) e r r o r . c h a r a c t e r i s t i c s  of t h e  Doppler e s t i m a t o r  t o  produce a p robab le  
v e l o c i t y  e r r o r  e s t i m a t e  c o n s i s t i n g  of two p a r t s  a s  sugges ted  above: a normally- 
d i s t r i b u t e d  component and a un i fo rmly -d i s t r ibu ted  component. 
Th i s  e s t ima te  can  be used i n  c o n j u n c t i o n  w i t h  t h e  
2) S p e c t r a l  width. The Doppler e s t i m a t o r  produces a s  a m a t t e r  of c o u r s e  
an e s t i m a t e  of t h e  s i g n a l  s p e c t r a l  width. S p e c t r a l  width e n t e r s  i n t o  t h e  
Doppler p rocesso r  error equa t ions .  Note however t h a t  u s e f u l  e s t i m a t e s  of 
s p e c t r a l  width a r e  not  produced a t  very low s igna l - to-noise  r a t i o s .  
3) Cont inui ty .  Con t inu i ty  may be used i n  two dimensions a s  a check 
upon d a t a  cons is tency .  C o n t i n u i t y  tests may be app l i ed  t o  amplitude and wid th  
estimates a s  w e l l .  In a t y p i c a l  ca se  t h e  weighted median v a l u e  of t h e  e i g h t  
ne ighbor ing  p o i n t s  might be compared wi th  t h e  po in t  i n  ques t ion .  Note t h a t  
t h e  median or most probable  v a l u e  i s  more u s e f u l  h e r e  than  t h e  mean v a l u e ,  
s i n c e  t h e  mean can be s e v e r e l y  d i s tu rbed  by a s i n g l e  bad d a t a  po in t .  
4)  C o n s t r a i n t s .  The expected c h a r a c t e r i s t i c s  of t h e  windf i e ld  can be 
used as  a f u r t h e r  check upon d a t a  i n t e g r i t y .  For example, a c o n s t r a i n t  upon 
v e l o c i t y  g r a d i e n t s  ( shea r )  can be used a s  an input  f o r  c o n t i n u i t y  tests. 
L i m i t s  may be set upon maximum values of v e l o c i t y  a s  a test  for reasonableness .  
A s  w i t h  a l l  c o n s t r a i n t s ,  c a r e  m u s t  be  e x e r c i s e d  t o  ensu re  t h a t  a c t u a l  f e a t u r e s  
of t h e  wind f i e l d  which were not expec ted  a r e  not  obscured. U s e  of a d a p t i v e  
or I n t e r a c t i v e  c o n s t r a i n t s  can  achieve t h i s  goa l .  
Should a g iven  d a t a  p o i n t  f a i l  one or more tests for r e l i a b i l i t y ,  t h e  
weight nf t h n t  p n i n t  may he reduced, or i n  severe c a s e s  a mis s ing  d a t a  p o i n t  
may b e  dec la red .  
Note t h a t  t h e  e d i t i n g  process  can be combined wi th  t h e  smoothing o r  
f i l t e r i n g  process .  A first f i t  of t h e  d a t a  p o i n t s  g i v e s  a t r i a l  s o l u t i o n  and 
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a d e v i a t i o n  f o r  each d a t a  p o i n t .  These d e v i a t i o n s  a r e  a measure of c o n t i n u i t y  
and can  be used to a l t e r  t h e  weighting g iven  t h e  da t a .  A second i t e r a t i o n  of 
t h e  s o l u t i o n  g ives  a r e v i s e d  output  f i e l d .  
IV. B. Data smoothing 
IV. B. 1 Genera l  
, .  
Data p o i n t s  can be cons idered  i n  i s o l a t i o n ,  but s i n c e  smoothing impl i e s  
t h a t  each d a t a  poin t  h a s  an in f luence  upon i t s  neighborhood it is  u s e f u l  t o  
c o n s i d e r  t h e  two-dimensional measurements a s  forming the  h e i g h t  of a t w o -  
d imens iona l  su r f ace .  The process  of d a t a  p o o t h i n g  then  becomes one of 
f i t t i n g  a s u r f a c e  of a c e r t a i n  c h a r a c t e r  as n e a r l y  a s  p o s s i b l e  t o  t h e  
measurements, i n .  (for example) a l ea s t - squa res  sense .  
Each form of d a t a  manipulation can be i n t e r p r e t e d  i n  terms of a s u r f a c e  
of a c e r t a i n  type. For example, po in t  data may be cons ide red  t o  form a 
s u r f a c e  composed of b locks  cen te red  a t  t he  measurement p o i n t s ,  t h e  h e i g h t  of 
each b lock  i n d i c a t i n g  t h e  v a l u e  of t h e  measurement a t  t h a t  p o i n t .  That is, 
t h e  data  p o i n t  i s  the a l t i t u d e  of t h e  s u r f a c e  f o r  t h a t  g r i d  square .  A 
cont inuous  s u r f a c e  can be created by p l a c i n g  t h e  data p o i n t s  a t  t h e  v e r t i c e s  
of t h e  s u r f a c e ,  with s t r a igh t  l i n e s  j o i n i n g  t h e  v e r t i c e s  d e f i n i n g  t h e  s u r f a c e  
( t h a t  is, l i n e a r  i n t e r p o l a t i o n  between t h e  data p o i n t s ,  w i t h  g r i d  r e c t a n g l e s  
broken I n t o  t w o  t r i a n g l e s  by  a s i n g l e  d iagonal ) .  
cont inuous  first- o r  h i g h e r o r d e r  d e r i v a t i v e s  r e q u i r e  t h e  ove r l app ing  i n f l u e n c e  
of s e v e r a l  measurement p o i n t s  a t  each po in t  on t h e  s u r f a c e .  
Su r faces  formed w i t h  
IV.B.2 Continuous s u r f a c e s  
Continuous s u r f  aces  may be' modeled b y  many a n a l y t i c  o r  e l emen ta ry  
f u n c t i o n s .  The most commonly used f u n c t i o n s  a r e  polynomials ( i n c l u d i n g  s p l i n e s ,  
Henni te  and o t h e r  or thogonal  polynomials),  F o u r i e r  series, Bessel f u n c t i o n s  
and s p h e r o i d a l  func t ions .  The cho ice  of a b a s i s  f u n c t i o n  depends upon: 
1) S u i t a b i l i t y  f o r  t h e  problem. Some f u n c t i o n s  l end  themselves t o  a 
p a r t i c u l a r  coord ina te  s y s t e m  o r  s i t u a t i o n .  Fo r  example, Bessel f u n c t i o n s  a r e  
o f t e n  a p p r o p r i a t e  f o r  c y l i n d r i c a l  c o o r d i n a t e s ,  and F o u r i e r  series f o r  band- 
l imi t ed  f u n c t i o n s .  
2) Mathematical e a s e  of use.  Polynomials,  f o r  example, o f f e r  f e w  
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3) Parameter f l e x i b i l i t y .  The degrees  of freedom of some f u n c t i o n s  
tuned" t o  c o n t r o l  t h e  parameters of t h e  surface. I, can  be e a s i l y  For  example, 
t h e  sma l l - sca l e  wiggles of a s u r f a c e  modeled b y  a F o u r i e r  series a r e  e a s i l y  
c o n t r o l l e d  by  l i m i t i n g  t h e  o r d e r  of t h e  series, 
IV.B.3. Sur face  a d a p t a b i l i t y  
S ince  t h e  q u a l i t y  of t h e  d a t a  v a r i e s  from p o i n t  t o  p o i n t  on t h e  s u r f a c e ,  
it may be r easonab le  t o  allow t h e  na tu re  of t h e  s u r f a c e  t o  va ry  a s  w e l l .  
is, i n  r e g i o n s  of high d a t a  q u a l i t y  t h e  smoothness c o n s t r a i n t  on the  s u r f a c e  
may be relaxed t o  allow t h e  model t o  r e p r e s e n t  s m a l l e r - s c a l e  f e a t u r e s .  
Conversely,  i n  r eg ions  of poor o r  m i s s i n g  d a t a  s u r f a c e  smoothness must be 
Cons t ra ined  eOen f u r t h e r  t o  preserve  s u r f a c e  c o n t i n u i t y .  This t rade-of f  
between s u r f a c e  smoothness and r e s o l u t i o n  may be made i n  an adap t ive  manner, 
w i th  t h e  a lgo r i thm i tself  sens ing  t h e  need f o r  c o n s t r a i n e d  smoothness. 
That 
IV.B.4. S u i t a b l e  models fo r  flow f i e l d s  
Due t o  its e a s i l y - c o n t r o l l e d  spa t i a l - f r equency  response,  a F o u r i e r  
surface is  a t t r a c t i v e .  However, the  d i f f i c u l t y  of i n c o r p o r a t i n g  data of 
va ry ing  q u a l i t y ,  on a non-uniform g r i d ,  i s  s u b s t a n t i a l .  The model of choice 
Is a loca l ly -de f ined  polynomial w i t h  a b a s i s  f u n c t i o n  of l i m i t e d  e x t e n t .  
Such a model o f f e r s  ease of s o l u t i o n  u s i n g  l e a s t - s q u a r e s  techniques ,  no g r i d  
problems, c o n t r o l l a b l e  b a s i s  s i z e  and smoothness, and c o n t i n u i t y  t o  any 
desired d e r i v a t i v e .  S u i t a b l e  basis f u n c t i o n s  would i n c l u d e  l i n e a r ,  q u a d r a t i c  
or higher  f u n c t i o n s  over  l imi t ed  ( s l i d i n g )  b a s i s  r e g i o n s ,  o r  s p l i n e  f u n c t i o n s .  
As an  example, c o n s i d e r  t h e  lowest-order s u r f a c e  f i t .  A r e g i o n  of 
i n f l u e n c e  is de f ined  around a poin t  f o r  which s u r f a c e  h e i g h t  is  t o  be estimated. 
Data p o i n t s  i n  t h i s  r eg ion  of i n f luence  a r e  summed in a weighted average, t h e  
we igh t s  be ing  de r ived  from t h e  e r r o r  v a r i a n c e s  ass igned  t o  those p o i n t s ,  w i t h  
(for example) an  a d d i t i o n a l  weighting f u n c t i o n  formed by a two-dimensional 
Gauss ian  c e n t e r e d  a t  t h e  e s t ima t ion  p o i n t .  This weighted averaging i s  e q u i v a l e n t  
t o  f i t t i n g  a local p l ane  t o  t h e  da ta  i n  t h e  v i c i n i t y  of t h e  e s t i m a t i o n  po in t .  
To ach ieve  t h e  accuracy desired, t h e  s i z e  of t h e  r eg ion  of i n f l u e n c e  (def ined  
by  t h e  two-dimensional Ca';ssia~? weightirip: f u n c t i o n )  can  expand or c o n t r a c t  as 
r e q u i r e d  t o  enc lose  a s u i t a b l e  number of measurement p o i n t s .  Such an approach 
is  e a s i l y  implemented, and s l i d i n g  the Gaussian r e g i o n  of i n f l u e n c e  around t h e  
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p l a n e  g i v e s  a continuous e s t i m a t i o n  s u r f a c e .  However, w i t h  t h i s  s imple  approach 
s h e a r  i n  t h e  windf ie ld  cannot be f i t t e d  by the  model a t  each p o i n t ;  t h e  r e s u l t  
is a poor f i t  r equ i r ing  inc reased  smoothing. 
Use of t h e  next h ighe r  o r d e r  s u r f a c e  s o l v e s  t h e  s h e a r  problem: a t  each 
e s t i m a t i o n  poin t  one f i t s  t h e  h e i g h t  and s l o p e  of a p l ane  su r face .  Shear is  
no l o n g e r  a problem - t h e  f i t t i n g  errors a r e  l i m i t e d  t o  c u r v a t u r e  and h igher -  
order d e r i v a t i v e s  . 
-
A t  some'point i n c r e a s i n g  t h e  o r d e r  of t h e  model ( t ha t  is, i n c r e a s i n g  t h e  
deg rees  of freedom i n  the  s o l u t i o n )  i n c r e a s e s  n o i s e  i n  t h e  s u r f a c e  beyond a 
t o l e r a b l e  l e v e l .  The optimum s u r f a c e  o r d e r  remains t o  be determined; there 
w i l l  be a compromise between h i g h e r  o r d e r  and reduced r e g i o n  of i n f l u e n c e  which 
must be detemin'ed b y  s imula t ion .  
S p l i n e s  a r e  a p a r t i c u l a r l y  a t t r a c t i v e  form of polynomial basis f u n c t i o n  
s i n c e  the approximating f u n c t i o n s  a r e  e a s i l y  c o n s t r a i n e d  to be cont inuous  on 
t h e  boundaries between g r i d  p o i n t s .  
IV.B.5 Model f i t t i n g  
Once a model has  been selected and t h e  c o n t r o l l a b l e  parameters  de f ined ,  
i t  remains t o  determine those parameters.  The most s u i t a b l e  s o l u t i o n  t echn ique  
is t h e  l i n e a r  leas t - squares  approach. The v a r i a b l e  weights  of t h e  d a t a  p o i n t s  
a r e  e a s i l y  t aken  i n t o  account,  a long  w i t h  additionally-imposed geomet r i ca l  
weight ing .  One p a r t i c u l a r  advantage of t h i s  approach is  t h e  a v a i l a b i l i t y  
w i t h  t h e  s o l u t i o n  of an  e s t i m a t e  of t h e  s o l u t i o n  e r r o r  va r i ance .  
Once t h e  parameters of t h e  s u r f a c e  have been determined, t h a t  s u r f a c e  
may be sampled a t  any desired g r i d  p a t t e r n .  
I .  
c 
V. Shor t  t o p i c s  
V.A. S p e c t r a l  width and s i g n a l  amplitude 
Although t h e y  have rece ived  l i t t l e  a t t e n t i o n  t h u s  f a r ,  t h e  s i g n a l  amplitude 
and s p e c t r a l  width a r e  a l s o  measured by t h e  Doppler processor .  These two 
q u a n t i t i e s  may a l s o  be considered t o  form s o l u t i o n  s u r f a c e s ,  and t h e  same 
techniques  described above may be a p p l i e d ' t o  t h e  e s t i m a t i o n  of t h e  parameters 
of t h e s e  s u r f a c e s :  e d i t i n g ,  smoothing and i n t e r p o l a t i o n .  
Add i t iona l  r edundancy , i s  present  i n  these measurements, s i n c e  informat ion  
from t h e  t w o  look angles  may be combined. 
Note t h a t  a p o r t i o n  of t h e  apparent s p e c t r a l  width may be oon t r ibu ted  by 
S i n c e  t h e  v e l o c i t y  f i e l d  h o r i z o n t a l  ve l -oc l ty  s h e a r  w i t h i n  t he  t a r g e t  volume. 
is  be ing  determined independently,  i t  is p o s s i b l e  t o  correct f o r  t h i s  con- 
t r i b u t i o n  under t h e  assumption t h a t  the s h e a r  v a r i a n c e  and t h e  s p e c t r a l  width 
add incohe ren t  1 y . 
V.B. An alternate s o l u t i o n  s t r a t e g y  
While t h i s  r e p o r t  has treated t h e  d a t a  from t h e  t w o  look ang le s  as being 
independent u n t i l  t h e i r  combination i n  t h e  v e c t o r  f i e l d ,  ano the r  approach is 
p o s s i b l e  . 
The wind f i e l d  m o d e l  may assume a s i n g l e  s u r f a c e  as  a p o t e n t i a l  f i e l d .  
The measurements become d i r e c t i o n a l  d e r i v a t i v e  e s t i m a t e s  of t h i s  s u r f a c e ,  and 
t echn iques  f o r  s u r f a c e  r econs t ruc t ion  from d e r i v a t i v e  informat ion  can be used. 
Note however t h a t  t h i s  p rocess  is s t r i c t l y  v a l i d  on ly  when t h e  d ivergence  
of t h e  ac tua l  wind f i e l d  is  zero. Thus t h e  p o t e n t i a l  f i e l d  so der ived  w i l l  
n a t u r a l l y  produce a zero-divergence f i e l d .  
from t h e  measurements by a second-stage s o l u t i o n ,  s o l v i n g  f o r  a d ivergence  f i e l d  
from t h e  d i f f e r e n c e  between the  measurements and t h e  i n f e r r e d  zero-divergence 
f i e l d .  
l o c a l l y  c o r r e l a t e d .  
Divergence may then  be recovered 
There may be a problem h e r e  s i n c e  t h e  d ivergence  and c i r c u l a t i o n  may be  
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VI. Algorithm implementation and e v a l u a t i o n  
V1.A. Implementation of t h e  s u r f a c e - f i t t i n g  model 
T h i s  s e c t i o n  i s  an o u t l i n e  of t h e  s t e p s  r equ i r ed  t o  t ake  t h i s  s o l u t i o n  
t echn ique  from t h e  gene ra l i zed  concept  descr ibed i n  t h i s  report t o  t h e  
f u n c t i o n a l  s t age .  The primary ques t ions  t o  be r e so lved  a t  t h i s  po in t  a r e :  
1) D e f i n i t i o n  of t h e  most a p p r o p r i a t e  s u r f a c e  model 
2) D e f i n i t i o n  of t h e  a p p r o p r i a t e  s o l u t i o n  t echn ique  f o r  t h a t  model 
These t w o  ques t ions  are i n e x t r i c a b l y  jo ined .  T h e i r  s o l u t i o n  w i l l  a r ise  
through an i t e r a t i v e  process  of e v a l u a t i o n  and op t imiza t ion .  
11 Once a model and a s o l u t i o n  technique  a r e  chosen, t h e y  must be tuned up" 
w i t h  r e f e r e n c e  t p  the  p r a c t i c a l  problems of t h e  data a t  hand. 
done w i t h  t h e  da t a  end use  f i r m l y  i n  mind, employing a wel l -def ined  e v a l u a t i o n  
t echn ique  and a set of e v a l u a t i o n  c r i t e r i a .  Such t u n i n g  w i l l  de te rmine  the 
a p p r o p r i a t e  e d i t i n g  and weighting schemes, g r i d  s i z e s  and s p a t i a l  r e s o l u t i o n .  
The s u i t a b i l i t y  of t h e  r e s u l t i n g  a lgo r i thms  is c r i t i c a l l y  dependent upon 
This must be 
t h e  accuracy  and r e a l i s m  of t h e  e v a l u a t i o n  technique ,  d i s c u s s e d  i n  t h e  next 
s e c t i o n .  
V1.B. Algorithm e v a l u a t i o n  
S ince  t h e  s o l u t i o n  technique  w i l l  be optimized through i n t e r a c t i o n  w i t h  
a p rocess  of eva lua t ion ,  t h e  technique  w i l l  u l t i m a t e l y  by op t ima l  o n l y  i n  terms 
of t h a t  e v a l u a t i o n  procedure.  Only i f  t h e  e v a l u a t i o n  procedure  reflects t h e  
realities of t h e  d a t a  and the  wind f i e l d  can one expect t h e  s o l u t i o n  a lgo r i thm 
t o  be op t ima l  f o r  the  data. 
In a d d i t i o n  t o  provid ing  a test bed f o r  op t imiz ing  t h e  s o l u t i o n  a lgor i thm,  
e v a l u a t i o n  provides t w o  important byproducts: 
1.) Confidence i n  t h e  r e s u l t s .  I f  t h e  u s e r  can t a k e  a real  or synthetic 
wind f i e l d ,  probe i t  with a s imula ted  l i d a r  s y s t e m ,  contaminate  t h e  d a t a  w i t h  
r ea sonab le  errors, and s t i l l  r e t r i e v e  a u s e f u l  approximation of t h e  o r i g i n a l  
wind f i e l d ,  t h e n  he can have some conf idence  i n  us ing  t h e  a lgo r i thm upon d a t a  
f o r  which there is no confirming d a t a .  
2) E r r o r  propagation. By use  of s i m u l a t i o n  t h e  errors i n  u s e r  p roduc t s  
can be e s t i m a t e d  In  terms of t h e  errors I n  t h e  raw data.  User p roduc t s  wi thout  
error v a r i a n c e  e s t ima tes  a r e  of marginal u t i l i t y ;  t h i s  i s  e s p e c i a l l y  t r u e  Of 
h i g h e r o r d e r  products  such ns convergence. 
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The fo l lowing  items may be taken a s  d e f i n i n g  t h e  components of an  
e v a l u a t i o n  program: 
1) Goals. A set of t a r g e t  goa ls  s h o u l d  be e s t a b l i s h e d ,  i n  p r o b a b i l i s t i c  
terms. For  example, one might d e s i r e  t h a t  t h e  v e c t o r  wind components be 
measured t o  2 m / s  90% of t h e  t i m e ,  o r  t h a t  v o r t i c i t y  be a c c u r a t e  t o  10 -3s-1 
on a 1-lop scale. 
2) Input  data sets. Both simulated and a c t u a l  wind f i e l d s  ( t aken  from 
multiple-Doppler obse rva t ions )  a r e  of va lue  - t h e  former f o r  t h e i r  c o n t r o l l e d  
n a t u r e  and t h e  l a t te r  f o r  t h e i r  realism. 
of t h e s e  f i e l d s  m u s t  be a c c u r a t e l y  known. 
Obviously t h e  s t a t i s t i c a l  p r o p e r t i e s  
3) Signal-to-noise ratio.  For  s i m u l a t i o n  purposes,  r e a l i s t i c  s i g n a l - t o -  
n o i s e  ra t ios  mhst be ass igned  t o  t h e  d a t a  p o i n t s  on a random b a s i s .  
i n c l u d e  range  v a r i a t i o n ,  dropouts,  Rayleigh s ta t is t ics ,  etc. T h i s  s i g n a l - t o -  
n o i s e  r a t i o  w i l l  be used to  a s s i g n  p r o b a b i l i s t i c  errors t o  t h e  r a d i a l  v e l o c i t y  
s i m u l a t i o n s ,  so it  is important t h a t  t h e y  be r e a l i s t i c .  
T h i s  would 
4) Wild measurements. I n  t h e  t r a n s i t i o n  from s igna l - to -no i se  r a t io  t o  
v e l o c i t y  error, an  . appropr i a t e  number of to ta l ly- random estimates must be 
inc luded  t o  r e f l e c t  t h e  component of Doppler estimator error which is 
u n i f  ormly d i s t r i b u t e d .  
5 )  Geometry. The g r i d  p o i n t s  and look ang le s  shou ld  be v a r i e d  i n  a 
random way w i t h  r easonab le  va lues  of va r i ance .  
6) Solu t ion .  Given t h e  v e l o c i t y  f i e l d  as probed by t h e  s y n t h e t i c  l idar  
sys tem - noise and a l l  - a n  estimate of t h e  o r i g i n a l  v e l o c i t y  f i e l d  may be 
obtained by u s i n g  t h e  s o l u t i o n  a lgor i thm under test. 
7 )  U s e r  p roducts .  The output  wind f i e l d  estimate may be transformed 
i n t o  t h e  desired end products :  v i s u a l  f i e l d s ,  s ta t i s t ics ,  h i g h e r  o r d e r  f i e l d s .  
8 )  h r a l u a t i o n .  The e r r o r s  and u t i l i t y  of t h e  u s e r  products  must be 
assessed through comparison w i t h  t he  i n i t i a l  d a t a  set, us ing  t h e  e v a l u a t i o n  
g o a l s  as cr i ter ia  f o r  success .  
The r e s u l t s  of t h i s  eva lua t ion  may sugges t  a l t e r a t i o n s  i n  t h e  model o r  
s o l u t i o n  technique ,  or may suggest t h a t  c e r t a i n  u s e r  products  cannot be 
r e l i a b l y  ob ta ined  from d a t a  of t h e  q u a l i t y  s imula ted .  
terist ics of t h e  i npu t  d a t a  set, t h e  s e n s i t i v i t y  of t h e  i n v e r s i o n  p rocess  t o  
data problems of a given type  may be determined. These s e n s i t i v i t y  f a c t o r s  
may s u g g e s t  c e r t a i n  c o n s t r a i n t s  upon t h e  exper imenta l  o p e r a t i o n ,  i n  order t o  
improve recovery  of a given u s e r  product. 
By vary ing  t h e  charac- 
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V I I .  Conclusion 
This report has suggested an approach t o  the r e t r i e v a l  of a wind f i e l d  
estimate from l i d a r  measurements. This approach seems l i k e l y  t o  draw t h e  
maximum amount of u s e f u l  in format ion  from t h a t  da t a .  Note however t h a t  some 
degreda t ion  of s y s t e m  r e s o l u t i o n  is r equ i r ed .  
The emphasis of t h i s  approach is upon error a n a l y s i s  a t  a l l  s t a g e s  of t h e  
s o l u t t o n .  I t  is f e l t  t h a t  u s e r  products  (wind f ie lds ,  d ivergence  f i e lds ,  etc.) 
wi thout  e x p l i c i t  e r r o r  estimates and conf idence  l e v e l s  a r e  of margina l  va lue .  
T h i s  is p a r t i c u l a r l y  t r u e  of smoothed f i e l d s .  A smoothed random f i e l d  cannot 
be d i s t i n g u i s h e d  from t h e  smoothed f i e l d s  r epor t ed  by d u a l  Doppler obse rve r s ,  
and one should have no confidence i n  such h i g h l y  mathematical p roduc t s  u n l e s s  
shown an error propagat ion example. 
With such  error a n a l y s i s  techniques ,  i nc lud ing  a c a r e f u l l y  planned 
e v a l u a t i o n  technique,  one can  be conf iden t  t h a t  one w i l l  know when the  de r ived  
wind f i e l d  h a s  s i g n i f i c a n c e .  This appa ren t ly  modest claim i s  h i g h l y  important  
when an experiment is  l i k e l y  t o  have marginal  r e s u l t s :  It is f a r  more p r e f e r a b l e  
t o  have a few good wind f i e l d s  of known r e l i a b i l i t y  - even i f  t h e y  r e p r e s e n t  
on ly  a small p o r t i o n  of t h e  measured f i e l d s  - t h a n  t o  have r e s u l t s  of doub t fu l  
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APPENDIX G 
REPORT OF CONVECTIVE PHENOMENA TEAM 
The First Scientific Working Group Meeting 
MSFC Airborne Doppler Lidar Wind Velocity Program 
NASA/MSFc. 25-26 RWuSt 1980 
Report of  Convective Phenomena Team. 
H. Orv i l l e ,  R. Koenig, J. Mi l le r ,  J. 'I'elford. 
B. Jones,  G. Alger, R. Lee, C. bhdle. 
--- 
1. Introduct ion and Fl ight  P lans  
A Group meeting was assembled to  focus on the  planning of s p e c i f i c  
e x p e r i m e n t s ,  to e s t a b l i s h  some p r i o r i t i e s ,  i d e n t i f y  i n t e r e s t e d  
s c i e n t i s t s  hho would l i k e  t o  p a r t i c i p a t e ,  e s t a b l i s h  a n y  s p e c i a l  
requirements, make recommendations on d a t a  p r o c e s s i n g ,  and t o  p r e p a r e  
f l i g h t  plan out1 ines. 
The types of  experiment of i n t e r e s t  t o  t h e  g r o u p  were d i s c u s s e d  
f i r s t ,  without regsrd to p r i o r i t i e s  o r  importance. A f t e r  t h e  ideas  had 
been explored , i t  became c l e a r  t h a t  s i n c e  t h e  nunber of convective storms 
i n  the  CCOPE (Cooperative Convective P r e c i p i t a t i o n  Experiment)  f i e l d  
exper iment  a r e a  would be L imi t ed  t o  o n l y  a f e w  d a y s  d u r i n g  t h e  
ope ra t iona l  time pe r iod  the  f l i g h t  p l a n s  had t o  be des igned  w i t h  a 
hierachy of abort  exFerimei1t.s so t ha t  t h e  e a s i l y  i d e n t i f i e d  and lowes t  
p robab i l i t y  events  should take F c i o r i t y  u n t i l  t h e i r  qinta  is f i l l e d .  I t  
was e s t i m a t e d  from t h e  b a s i s  of 60 f l y i n q  hour s  t o t a l ,  from which  
testing and f e r r y  time must be deducted, t h a t  o p t i m i s t i c a l l y  45 h o u r s  
f ly ing  would be a v a i l a b l e  in t h e  CCOPE expe r imen ta l  a r e a .  With f i v e  
hours per f l i g h t  this m u i d  be 9 i i ights ,  frm, k%ich 3 wnuld likely t o  
be a e r o s o l  expe r imen t s  which c o u l d  n o t  combine w i t h  t h e  Convect ive  
r equ i r emen t s .  T h i s  l e a v e s  6 f l i g h t s  o f  5 h o u r s  e a c h  f o r  p l a n n i n g  
purposes of the Convective team. 
The CV990 a i r c r a f t  would probably be based a t  Ellsworth A.F.B. near 
Rapid C i t y  (210 miles t o  Miles City) or  Minot A.F.B. (260 miles t o  F i l e s  
City) near Minot. And since it is desirable  t o  cruise a t  25000 f t .  t h e  
p i l o t s  should have a good view of t h e  cloud t o p  s i t u a t i o n s  from 1 0  
minutes or more before reaching t h e  measurement area. Thus a f l i g h t  plan 
t o  explore the outflow around Cumulo-nimbus anvi l s  can be chosen a t  t h i s  
time when such cloud conditions a re  present. I f  cmulo-nimbus anvi l s  a r e  
not v i s ib le  a t  t h i s  s t a g e ,  bu t  we see c l e a r l y  de f ined ,  growing, and 
decaying, cunulus t u r r e t s ,  below, say, 30,000 f t .  then t h e  entrainment  
study can be selected. 
Since i t  t a k e s  a 2 hour per iod t o  prepare f o r  a f l i g h t ,  and 
probably an hour from the decision t o  take-off t o  reaching the v i c i n i t y  
of the experimental area, there may be occasions when the cloud f i e ld  we 
encounter on the site w i l l  be unsuitable for e i ther  of these measurement 
programs. I n  these cases a decision w i l l  have t o  be made a s  t o  whether 
t o  implement some study in  t h e  boundary layer ,  o r  t o  sac r i f i ce  t h e  fe r ry  
time t o  s i t e  and a b o r t  t h e  mission by r e tu rn ing  t o  b a s e .  Another  
a l te rna t ive  is to  seek t a rge t s  of opportunity beyond t h e  CCOPE suppor t  
area, and anyhow it is possible t h a t  i n t e r e s t i n g  measurements can be 
obtained during the ferry run t o  the ta rge t  area. For example it is of  
in t e re s t  t o  look a t  pa r t i c l e  r e f l e c t i v i t i e s  in  cirrus cloud. 
Fl ight  patterns below cloud cannot be discussed i n  d e t a i l  a t  t h i s  
present time since t i g h t  coopera t ion  wi th  CCOPE o p e r a t i o n s  w i l l  be 
essent ia l  for work i n  t h i s  area below cloud but we request such support. 
The study of storms gust  f ront  dynamics, another high F r i o r i t y  mission 




The o ther  experiment  below c l o u d ,  t o  s t u d y  t h e  f e e d e r  f low f o r  
mall ,  non-precipitating cunu lus ,  may be  best ca r r i ed  out away from t h e  
storm of prime in te res t  t o  CCOPE. I n  t h i s  c a s e  t h e  a i r c r a f t  w i l l  be 
below cloud so t h a t  the  se l ec t ion  of s u i t a b l e  individual  c louds w i l l  not 
be p o s s i b l e  and l o n g  s t r a i g h t  r u n s  a r e  p r o b a b l y  t h e  p r e f e r r e d  
obse rva t ion mode . 
A very in t e re s t ing  da ta  set could be gathered by f ly ing  e n c i r c l i n g  
squares around a moderate s i zed  growing cumulus a t  l eve ls  from above 
cloud tops t o  below cloud base. Hokever since t h i s  l i d a r  device  requi res  
c l e a r  a i r  fo r  its successful u.se t he re  is some doubt a s  to whether t he re  
w i l l  be adequate u s e f u l  oppor tuni t ies ,  s ince  the  requi rement  is t h a t  a 
cloud is s u f f i c i e n t l y  i so la ted ,  from a base say a t  10,000 f t . ,  t o ,  s a y ,  
16,@00 f t . ,  so a s  to  leave about 10 miles c l o u d - f r e e  a i r  around it i n  
a l l  d i r e c t i o n s .  I f  t h i s  o c c u r s  i t  s h o u l d  be  t a k e n  a s  a t a r g e t  o f  
opportunity.  
Other t a r g e t s  of opportunity should be accepted during in s t rumen t s  
check out  f l i g h t s .  I f  marine s t r a t u s  is encountered near Moffat, o r  t h e  
c l e a r  a i r  boundary l a y e r ,  o r  c i r r u s ,  t h e s e  would a l s o  b e  possible  
t a r g e t s  a t  t h i s  s tage.  
2. Detailed Instrunentat ion - Considerations and 'Iarget Area F l i g h t s  
-- 
Plans  
(a) Rectangles arolmd clo~wfs. 
Ihe measurements w i l l  be taken i n  non-tiirning level  f l i g h t s  except 
fo r  the  cloud-top e n t e r t a  inme:it st id ies.  'I~I is requirement is set by t h e  
need to i n t e r s e c t  every a i r  parcel twice with a horizontal  beam, i f  t h e  
two hor izonta l  
be noted  t h a t  
components of ve loc i ty  a r e  t o  be derived. I t  should a l s o  
t h e  a i r  v e l o c i t y  is be ing  measured r e l a t i v e  t o  t h e  
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v e l o c i t y  of t h e  i n s t r u m e n t  w i t h i n  t h e  a i r c r a f t .  Thus any  r e l a t i v e  
movement be tmen t h e  o p t i c s  o f  t h e  l i d a r  and t h e  v e l o c i t y  r e f e r e n c e  
g iven  by the  i n i t i a l  platform,  w i l l  appear  i n  t h e  f i n a l  r e su l t  a s  a n  
error, unless t h i s  displacement ,  and r e l a t i v e  v e l o c i t i e s  and a n g u l a r  
rates, a r e  included i n  t h e  p r o c e s s i n g  o p e r a t i o n s  t o  d e r i v e  t h e  t r u e  
ve loc i ty .  Rapid v ib ra t ion  is v i r t u a l l y  impossible t o  account f o r  i n  t h i s  
way, and hence m u s t  be eliminated mechanically. Flexure of t he  a i r f r a m e  
and mounts needs to  be examined t o  be s u r e  t h e y  a r e  n e g l i g a b l e  a t  t h e  
h o p d  for  accuracy, which we understand can be a f r a c t i o n  of a meter per 
second. The separat ion between the  l i d a r  and the  platform w i l l  produce a 
v e l o c i t y  d i f f e r e n c e  when t h e  a t t i t u d e  o f  t h e  a i r c r a f t  is chang ing ,  
heading is probably the  l a r g e s t  compnent ,  and t h i s  m u s t  be c o r r e c t e d  
fo r .  % u s  i n e r t i a l  v e l o c i t y  ( 3  a x i s )  and a t t i t u d e  ( 3  a x i s )  must b e  
recorded f a s t  enough to allow smooth d i f f e renc ing  to  g i v e  r a t e s  covering 
t h e  maximum response  f r equency  o f  t h e  a i r c r a f t ,  s a y ,  2 c y c l e s  per  
second. The v ibra t ion  modes of  t he  platform should be checked t o  e n s u r e  
t h a t  no appreciable  motion occurs beyond the  recording frequency, s i n c e  
then a l i a s i n g  would i n j e c t  f a l s e  motion i n t o  the  da ta .  
A problem exists i n  o b t a i n i n g  p r e c i s e  v e r i f i c a t i o n  of  t h e  
in s t runen ta l  prformance s ince  de t a i l ed  matching of t he  a i r  v e l o c i t y  o f  
p a r c e l s  i n  turbulent  motion with,  say,  a radar chaf f  echo, is l i k e l y  t o  
be impossible, so t h a t  on ly  smoothed a v e r a g e s  c a n  be checked .  Thus i f  
t h e  atmospheric s c i e n t i s t s  us ing  the  da t a  a r e  going t o  have c o n f i d e n c e  
i n  t h e  measurements  e v e r y  p r e c a u t i o n  w i l l  n e e d  t o  b e  t a k e n  t o  
demonstrate t h a t  we have accounted for a l l  e r r o r s .  No neb d i s c o v e r y  c a n  
be made with measurements which cannot be t r u s t e d .  
Each enc i rc l ing  f l i g h t  to  measure a i r  motion around a c l o u d  a n v i l  
w i l l  need to have f l i g h t  legs p a r a l l e l  and perpend icu la r  t o  t h e  s h e a r .  
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Since  t h e  l i d a r  dev ice  po in t s  o u t  from t h e  l e f t  hand s i d e  of t h e  
a i r c r a f t  only the v e l o c i t i e s  on t h e  l e f t  hand s i d e  can be measured. 
Because turning-flight prevents the normal sampling density fore and a f t  
it was the opinion of t h e  convective team tha t  a l l  turns  during sampling 
rectangles should be r igh t  hand t u r n s  of 270 degrees of arc ,  so tha t  t h e  
s t r a igh t  and level f l i g h t  would extend to  the extremes of the  area under 
study, which would o f t e n  encompass a storm cloud and hence con ta in  
inaccessible  a r e a s  because of cloud obscura t ion .  With  an est imated 
re l iab le  range of 10 km (10 miles max.) it was f e l t  t h a t  t h e  oppos i t e  
legs of the rectangle should be about 20 km a p a r t ,  provided t h e  cloud 
f i t t e d  comfortably within t h i s  dimension. I n  enc los ing  a c i r r u s  a n v i l  
the legs heading down shear would usually need to  be extended, perhaps 
to  100 km on occas ions ,  t o  examine a l a r g e  p a r t  of the ice c r y s t a l  
reg ion . 
There is a real  question as t o  *ether the scattering aerosol w i l l  
be dense enough a t  t he  higher l e v e l s  t o  g i v e  l i d a r  r e tu rns .  If t h e  
returns a re  too uncertain t h e s c  d a t a  ga ther ing  ideas  w i l l  have t o  be 
revised. 
For t h e  rectangles below t h e  level of t h e  anvil it is i m p r t a n t  t o  
examine t h e  a i r  in t h e  d i rec t  on down shear, but below the anv i l ,  where 
the a i r  is free of ice crysta s. ' h i s  a i r  w i l l  probably show s i g n s  i n  
the moisture and v e l o c i t y  f i e l d s  of having been p a r t  of t h e  cloud a 
l i t t l e  ea r l i e r .  %us these rectangles should cross  beneath the a n v i l  a s  
close t o  the  cloud as  t h e  F i lo t s  feel can be accomplished without r i s k s  
of encountering hai l .  Modifications of these plans may have t o  be made 
on s i t e  t o  avoid precipitation, or  fiyiry too n'xh in surrcunding cloud. 
which w i l l  obscure t h e  l idar .  
I t  is a requirement for t h e  sof tware t o  c l e a r l y  d i s t i n g u i s h  t h e  
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cloud edge i n  a l i d a r  return and ensure tha t  t h e  cloud edge is c l e a r l y  
delineated on a l l  plan plots ,  such a s  tha t  of velocity. I t  was f e l t  tha t  
the proposed velocity vector f i e l d  was too complex t o  be a s s imi l a t ed  
where t h e  tag on t h e  wind vec to r  needed t o  be i n t e r p r e t e d  f o r  both 
length and angle. I t  was suggested t h a t  a b e t t e r  d i s p l a y  would be t o  
have a simple arrow for wind magnitude and d i rec t ion  w i t h  a b lob  a s  an 
arrowhead, where t h e  area of these elements represented range co r rec t ed  
echo intensity (and to  d 
would be  t o  have t h e  
re f 1 ec t iv i t y . 
I t  was generally fe 
splay veloci ty  va r i ance  s e p a r a t e l y )  . The aim 
d e n s i t y  o f  an  a r e a  p r o p o r t i o n a l  t o  i t s  
t tha t  an experimenter needed to  receive a raw 
data  tape w i t h  a l l  t h e  d a t a  merged t o  a s i n g l e  tape  which he could 
readily read into a Fortran (or other) language program. 
(b) Cloud top Study 
The second level experiment t o  be chosen i n  f l i g h t  is based on t h e  
need t o  s t u d y  motion of the cloud surface a t  the top and s ides  of cloud 
t u r r e t s  where it is thought t h e  entrainment of  d r y  a i r  i n t o  t h e  cloud 
begins. Since, ideally,  we need t h e  ve r t i ca l  component of t h e  motion of 
t h e  cloud edge, because t h e  buoyant energy release t r a n s f e r s  i n i t i a l l y  
t o  ver t ica l  motion, a s ingle  doppler l i da r  beam looking downwards would 
be the f i r s t  choice. However s i n c e  t h e r e  a r e  t h e o r e t i c a l  reasons  f o r  
expecting that  t h e  component of velocity responsible for the entrainment 
is the  component perpendicular  t o  t h e  cloud s u r f a c e ,  and since t h e  
normal m a l l  wandering of t h e  a i r c r a f t  heading w i l l  prevent locating the  
beam on any particular spot of cloud, there seems no reason why a beam 
pointed down a t  45 degrees of a rc  below t h e  horizon w h i l e  t h e  a i r c r a f t  
c i r c l e s  above cloud top should not give extremely valuable information. 
. 
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To b e g i n  w i t h ,  u n t i l  t h e  o p e r a t i o n  and cloud behaviour  a r e  b e t t e r  
understood, t h i s  is probably t h e  prefer red  choice, anyhow. 
Thus the  f l i g h t  plan c a l l s  f o r  t h e  a i r c r a f t  t o  c i r c l e  above t h e  
cloud turret .  Since t h e  l i d a r  beam c a n  be d e f l e c t e d  downwards by 20 
degrees  by the  op t i c s ,  then 30 degree banks on the  a i r c r a f t  would be  a 
s u i t a b l e  f l i g h t  parameter for determining the  he igh t  and turning radius. 
Some sor t  of crude optical s i t i n g  device  i n  the  cockpit could be used to  
assure  the  p i lo t  t h a t  he was maintaining radar c o n t a c t  w i t h  t h e  chosen  
cloud t u r r e t  top. 
I n  t h i s  operat ion we a r e  seeking to  ob ta in  a d e t a i l e d  knowledge o f  
how the  sur face  of the  cloud responds to  t h e  in-cloud t u r b u l e n c e ,  and 
how t h i s  results i n  e x t e r i o r  d r y  a i r  e n t e r i n g  t h e  c loud  through t h i s  
su r f ace  bomdary. Thus we would request  t h a t  t h e  c a F a c i t y  of t h e  d a t a  
system be devoted to  recording a s  much information a s  poss ib le  about the  
regions o f  pene t ra t ion  j u s t  in to  t h e  c loud  s i x f a c e ,  and from t h e  a i r  
j u s t  o u t s i d e .  The f o r e  and a f t  scanning  p rocedure  would need t o  be  
stopped, and by using the ccmpiiter to  range g a t e  over say 1B t o  20 b i n s  
a t  the  c loud  edge,  and trsinq i nd iv id i i a l  1 micro-second p u l s e  g a t e s  
without any averaging, t.he f i l l 1  da t a  capac i ty  could be  devo ted  t o  t h i s  
narrow range  of i n t e r e s t .  T h i s  range  s e l e c t i o n  would need t o  be a 
continuous sof tware  monitored f u n c t i o n .  I t  is also d e s i r a b l e  t o  u s e  
software amplitude cont ro l  t o  avo id  s a t u r a t i o n  of t h e  c l o u d  edge ,  so  
t h a t  d i l u t e d  cloud regions,  where e v a p o r a t i o n  h a s  reduced t h e  l i q u i d  
water content ,  can be f a i t h f u l l y  recorded for  i n t e n s i t y  of echo a s  well 
a s  for  t h e i r  v e l o c i t y  p ro f i l e .  
I t  would be n i c e  t o  scan a c r c s s  the c l n i i d  s u r f a c e  so  t h a t  
successive radar h i t s  were contiguous, bu t  t h i s  is t o o  much t o  e x p e c t ,  
except by relying on chance scans l i k e  t h i s  every now and a g a i n  i n  t h e  
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records. It is essent ia l  to  have a video camera coaxial  with t h e  l i d a r  
beam t o  record the cloud surface visual ly  in real  time a s  these f l i g h t s  
proceed. Visable time on each frame is needed. I n  t h i s  way t h e  wander 
veloci ty  of t h e  cloud image should be v is ib ly  evident. W i t h  c a re  i t  may 
be possible for the p i lo t  t o  maintain t h e  cloud image rotating smoothly 
i n  the beam, so we measure an advancing track around the cloud tur re t .  
I t  is not  c l e a r  what d u r a t i o n  of t h i s  c i r c l i n g  f l i g h t  can be  
maintained k i t h  accuracy and without incapacitating passengers. W e  would 
suggest one hour for planning purposes. A t o t a l  period of four o r  f i v e  
hours i n  the season is a reasonable target .  
The subcloud, non-Frec ip i ta t ing  c u m u l u s ,  f e e d e r  f low s t u d y  
s imilar ly  needs special operational considerations. The problem here  is 
tha t  when the a i r c r a f t  is a few hundred feet  below cloud base i n  an 
extended area of  cloud i t  is no t  p o s s i b l e  t o  see t h e  cloud t o p s  o r  
sides. Thus t h e  desired f l i g h t  p ro f i l e  of a rectangle loca t ed  so a s  t o  
scan t h e  area below a small  v igorous ly  growing c u m u l u s  is probably 
impractical since we cannot select the posit ion of such c louds  when we 
a r e  beneath them. Thus  t h e  p r a c t i c a l  approach is t o  f l y  long l e g s  
beneath t h e  cloud region, up and down the shea r  d i r e c t i o n  a s  based on 
the subcloud and mid cloud w i n d  difference, and record on the video tape 
a l l  the information tha t  can be seen of t h e  cloud bases.  In  t h i s  way 
cases can be selected where a good co r re l a t ion  between t h e  wind f i e l d  
and its loca t ion  below cloud base w i l l  l e t  u s  e s t a b l i s h  t h e  f low 
structure  re la t ive t o  the  cloud. This needs t o  be done a t  several  l eve ls  
below cloud base on each occasion, say 500 f t . ,  1,000 f t .  and 1,500 f t .  
below bases. ?he runs would t h e n  be perhaps 30 t o  60 km i n  l e n g t h  w i t h  
turns  a t  t h e  end to  bring t h e  return back 10 km. t o  the l e f t  so tha t  the 
same area is scanned again on return. 'he a l t i t u d e  f o r  t h e s e  runs  w i l l  
6-8 
. 
probably be 10,@00 t o  16,000 f t .  and w i l l  require c a r e f u l  c o o r d i n a t i o n  
. 
with a i r c r a f t  con t ro l .  
The g u s t  f r o n t  s tudy  may be F o s s i b l e  a s  a n  a i r b o r n e  a l t e r n a t i v e  
choice,  b u t  probably w i l l  need separa te  selection a s  a mission because  
of the  t i g h t  coordinat ion needed for t he  a i r c r a f t .  The plan w u l d  be t o  
descend benea th  t h e  s torm or  s q u a l l  l i n e  and l o c a t e  t h e  f r o n t  w i t h  
guidance from the  radars  o r  other a i r c r a f t .  I t  is t h e n  d e s i r e d  t o  f l y  
p a r a l l e l  to the  f r o n t  a few kilometers ahead of it, with a return t r a c k  
on roughly the  same l i n e  a s  t h e  p r e v i o u s  t r a c k  so  a s  t o  comple te  t h e  
circuit and begin the  next leg. 'Ihe legs m u l d  t y p i c a l l y  be about  30 km 
f o r  a single storm, and l e @  - 5G0 km fo r  a s q u a l l  l i n e ,  i n  l e n g t h ,  w i t h  
t h e  p rocedure  t u r n s  beyond t h i s .  Depending on t e r r a i n  i t  would be 
d e s i r a b l e  t o  repeat  the  pat tern a t  a l t i t u d e s  o f  1B0 m ,  300 m ,  1 ,000 m ,  
and 2,000 m, or a s  time permits. In  rough t e r r a i n  t h e s e  h e i g h t s  would 
need to  be modified. 
I f  a l l  m a t h e r  f a i l e d ,  then the  u l t imate  backup experiment would be 
t o  s t u d y  t h e  a e r o s o l  c o n t e n t s  and v e l o c i t y  d i s t r i b u t i o n s  i n  t h e  
convective p lane tary  boundary layer .  ?his would s imply  invo lve  a r a c e  
t r ack  box pa t t e rn  a t  var ious  l e v e l s  from j u s t  above t h e  i n v e r s i o n  so 
near the  surface.  A similar procedure a t  h i g h e r  a l t i t u d e  would e n a b l e  
cirrus particle d e n s i t i e s  and motion t o  be studied wi th  a l t i t u d e s  from 
j u s t  above c i r rus  t o p s  t o  jiist below the c i r r u s  base .  These studies 
could a1-w be conducted on l o t q  horizontal  s t r e t c h e s  dur i iq  f e r r y  runs. 
l'he marine or  continental  s t r a t i i s  obwrva t ions  m u l d  be s i m i l a r  t o  
the boundary layer aid c i r r u s  l a y e r s  mentioned i n  t h e  l a s t  pa rag raph  
except that_ the cloud t o p  banked c i r c l e  ( a n t i c l o c k w i s e )  e n t r a i n m e n t  
observat ions should be  added, and occupy a s u b s t a n t i a l  time p e r i o d ,  
since t h e s e  a r e  t h e  most imFor tan t  o b s e r v a t i o n s  i n  t h i s  c a s e ,  and  




f l i g h t s  a t  levels  within cloud are not  l i k e l y  t o  be u s e f u l .  Subcloud 
turning observations ( c l o c k w i s e )  below cloud base t o  measure v e r t i c a l  
motion of the base of marine stratus w u l d  be extremely valuable  when 
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1. I n t r o d u c t i o n  
The f o l l o w i n g  i s  a b r i e f  summary o f  t h e  r e p o r t  t o  t h e  e n t i r e  group 
by t h e  boundary l a y e r  team. The p r imary  o b j e c t s  o f  d i s c u s s i o n  were pos- 
s i b l e  t e s t  p lqns  and t h e i r  r e l a t i v e  m e r i t s  and o p e r a t i o n a l  d i f f i c u l t i e s .  
Four l i k e l y  candidates f o r  t h e  f l i g h t  t e s t s  were d iscussed i n  some d e t a i l  
and a r e  g i v e n  l a t e r .  
(1 )  t h e r e  be a good o p p o r t u n i t y  f o r  comparison w i t h '  o t h e r  measurement 
techniques,  ( 2 )  t h e  f low t o  be measured i s  o f  c o n s i d e r a b l e  s c i e n t i f i c  o r  
p r a c t i c a l  i n t e r e s t ,  and (3 )  t h e  a i r b o r n e  l a s e r  Doppler system i s  w e l l  
s u i t e d  t o  measure t h e  r e q u i r e d  q u a n t i t i e s .  
i.e., ground ' ' t r u t h " ,  i s  p a r t i c u l a r l y  i m p o r t a n t  because t h i s  w i l l  be t h e  
f i r s t  y e a r  o f  o p e r a t i o n  f o r  t h e  system. I t  w i l l  be necessary t o  demonstrate 
t h a t  t h e  system does a c t u a l l y  measure t h e  winds and compare t h e  r e s u l t s  w i t h  
o t h e r  methods t o  p r o v i d e  a check on t h e  system e r r o r  a n a l y s i s .  
ness of  t h e  laser-Doppler  system precludes any d i r e c t  comparison, b u t  
p o i n t  measurements f rom tower-mounted wind sensors and two-dimensional  f i e l d s  
o b t a i n e d  from radars  w i t h  s u b s t a n t i a l l y  d i f f e r e n t  sampling volumes w i l l  
be q u i t e  u s e f u l .  
General c r i t e r i a  f o r  a f l i g h t  t e s t  o p t i o n  a r e  t h a t : .  
The requi rement  f o r  comparison, 
The unique- 
The f l i g h t  t e s t  o p t i o n s  presented below can be economical ly  grouped 
t o  m i n i m i z e  f e r r y  t ime.  The f i r s t  two ( C a l i f o r n i a  Cen t ra l  V a l l e y  and 
San Gorgonio Pass) a r e  i n  C a l i f o r n i a ,  so t h a t  t h e  a i r c r a f t  can be based 
a t  NASA Ames. 
n e e r i n g  t e s t s  a r e  completed. 
Oklahoma, where t h e  schedule i s  f l e x i b l e  and o p p o r t u n i t i e s  f o r  tower and 
r a d a r  comparison a r e  good. 
shou ld  have been gained, so t h a t  iiioving up t o  Montana t o  t h e  CCOPE experiment 
would be t h e  n e x t  s tep.  
r e q u i r i n g  i n t e g r a t i o n  i n t o  a v e r y  b i g  and busy exper iment.  Success would 
be maximized by hav ing as much exper ience as p o s s i b l e  w i t h  t h e  o p e r a t i o n  o f  
t h e  system and some conf idence t h a t  t h e  system does measure what i t  i s  
supposed t o  measure. On t h e  way east t o  NSSL and back west from CCOPE, t h e  
Bou lde r  NOAA/NCAR tower inst ruments can be compared i n  a f l y - b y .  
They should be done w r l y  i n  the  program, a s  soon as t h e  eng i -  
The next t e s t  would l o g i c a l l y  be a t  NSSL i n  
By t h i s  t i m e  cons ide rab le  o p e r a t i o n  exper ience 
The CCOPE i s  by f a r  t h e  most coniplex o p e r a t i o n a l l y ,  
Ii; addition t o  t h e  f l i g h t  t e s t  op t i ons ,  t h e  r e a l - t i m e  data d i s p l a y  
was d iscussed i n  some d e t a i l .  The recommendations a r e  presented i d i e r .  
A summary of  t h e  f l i g h t  t e s t  op t i ons  i s  g i v e n  f i r s t ,  f o l l o w e d  by t h e  d i s -  
c u s s i o n  o f  t h e  data d i s p l a y  and, f i n a l l y ,  by d e t a i l s  o f  t h e  f l i g h t  t e s t  
o p t  i ons . 
H-1 
2. Summary o f  F l i g h t  Tes t  Opt ions 
A. Cal i f o r n i a  Cen t ra l  Val 1 ey 
Purpose: I n v e s t i g a t e  t h e  s p a t i a l  and temporal  v a r i a t i o n  o f  t h e  
boundary l a y e r  wind f l ow  p a t t e r n s  i n  t h e  Cen t ra l  Va l l ey ,  examine t h e  d e t a i l e d  
f l o w  p a t t e r n s  i n  t h e  v i c i n i t y  o f  ag-burn ing smoke plumes, and t h e  l o c a l  f l o w  
near t h e  Geysers geothermal f i e l d .  
Data Comparison: 1500 ft tower a t  Walnut Grove, p o s s i b i l i t y  o f  t r a c e r  
r e l e a s e  by DOE Livermore, sur face wind f i e l d  a t  t h e  Geysers. 
F l i g h t  Requirements: Racetrack p a t t e r n  around Cen t ra l  V a l l e y  near t o p  
o f  mixed l a y e r  (app rox ima te l y  3000 f t) ,  c o n t i n u e  f rom noon th rough  evening. 
Smoke plumes as t a r g e t s  o f  o p p o r t u n i t y ,  box p a t t e r n s  a t  v a r i o u s  l e v e l s  a t  
t h e  Geysers. 
I n t e r e s t :  Impor tan t  problem i n  a p p l i e d  meteorology, o f  g r e a t  i n t e r e s t  
t o  a i r  p o l l u t i o n  researchers .  I n t e r e s t i n g  and comp l i ca ted  l o c a l  f l o w ,  
v e r y  l i t t l e  data a v a i l a b l e .  
Board, EPA, DOE Livermore, and UC Davis. 
C o l l a b o r a t i o n  f rom C a l i f o r n i a  A i r  Resources 
S u i t a b i l i t y :  Wel l  s u i t e d  f o r  measurement by Doppler system, w i t h  
space sca les  and r e s o l u t i o n  w i t h i n  system p o s s i b i l i t i e s .  
o u t  t h e  d i f f e r e n t  r e s o l u t i o n s ,  e t c . ,  o f  t h e  system. 
Good p l a c e  t o  t r y  
B. Wind Resource Assessment o f  San Gorgonio Pass, C a l i f o r n i a  
Purpose: I n v e s t i g a t e  s p a t i a l  and temporal  v a r i a t i o n s  o f  f l o w  th rough  
mountain pass i n  Southern C a l i f o r n i a .  
Data Comparison: 100 m tower,  50 m tower, t w e l v e  10 m towers,  and 
severa l  yea rs  o f  averaged data.  
F l i g h t  Requirements: Back and f o r t h  p a t t e r n  a t  s e v e r a l  l e v e l s  a t  
t h e  end o f  t h e  pass. 
t o  see t h e  e v o l u t i o n  o f  t h e  f l o w .  
Cont inue f o r  s u f f i c i e n t  t i m e  ( a p p r o x i m a t e l y  3 o r  4 hours)  
I n t e r e s t :  P r i m e  cand ida te  f o r  wind energy farm. S p a t i a l  d e t a i l s  o f  
t h e  f l o w  needed t o  compare w i t h  s u r f a c e  and smal l  tower  data.  C l ima te  t y p e  
wind data a v a i l a b l e  f o r  3 yea rs ,  b u t  n o t h i n g  t o  g i v e  t h e  e x t e n t  i n  space o f  
t h e  wind resource.  C o l l a b o r a t i o n  w i t h  Southern C a l i f o r n i a  Edison, DOE 
Wind Energy Program, C a l i f o r n i a  S t a t e  Wind Energy Commission, B a t t e l l e  P a c i f i c  
Northwest Labora to r ies .  
S u i t a b i l i t y :  Space and t i m e  sca les  w e l l  w i t h i n  system c a p a b i l i t i e s .  
I n t e r e s t  i s  i n  the  f i n e - s c a l e  d e t a i l s  o f  t h e  m o t i o n  ( a p p r o x i m a t e l y  0.5 km). 
H-2 
C. Radar/Tower Comparison a t  NSSL 
. 
Purpose: F ly-by 1500 ft tower i n  Oklahoma City and cover  t h e  same 
area as NSSL dual-Doppler rada rs .  
f e r e n t  i ns t rumen ts  and determine the two-dimensional  spec t ra  o f  t h e  wind 
a t  d i f f e r e n t  l e v e l s  i n  the  boundary l a y e r .  
Compare t h e  measurements by two d i f -  
F l i g h t  Requirements: F l y - b y  t a l l  tower.  Racetrack p a t t e r n  a t  d i f f e r e n t  
h e i g h t s  w i t h i n  t h e  boundary l a y e r .  
by NSSL rada rs .  
P a t t e r n  c o i n c i d i n g  w i t h  area covered 
I n t e r e s t :  E x c e l l e n t  o p p o r t u n i t y  f o r  comparison w i t h  another  i n s t r u -  
ment t h a t  measures a two-dimensional wind f i e l d  i n  c l e a r  a i r .  Wind 
p a t t e r n s  and spec t ra  can be compared. 
spec t ra .  C o l l a b o r a t i o n  w i t h  NSSL. 
Space and t i m e  scales w i t h i n  system p o s s i b i l i t i e s .  
I n t e r e s t e d  i n  a l l  t h e  scales w i t h i n  t h e  f l i g h t  box t h a t  can be r e s o l v e d  
by t h e  system; the re fo re ,  t h e  f i n e s t  p o s s i b l e  r e s o l u t i o n  would be des i red .  
S c i e n t i f i c  i n t e r e s t  i n  h o r i z o n t a l  
S u i t a b i l i t y :  
D. CCOPE, Large F i e l d  Experiment i n  Eas te rn  Montana 
Yurpose: Compare boundary l a y e r  wind measurements w i t h  those meas- 
u r e d  w i t h  rada rs  ( c l e a r  a i r  and c h a f f  r e l e a s e ) ,  a i r c r a f t ,  and s u r f a c e  
measurements a t  t h e  CCOPE t e s t  s i t e .  Measure t h e  be fo re -c loud  and under-  
c l  oud convergence i n t h e  boundary 1 ayer . 
F l i g h t  Requirements: To be coo rd ina ted  w i t h  CCOPE t o  a v o i d  c o n f l i c t s  
w i t h  m u l t i t u d e  o f  o t h e r  a i r c r a f t  ope ra t i ng  i n  area. W i l l  schedule some 
f l i g h t s  on " o f f  days" o r  e a r l y  i n  the day t o  be a b l e  t o  compare w i t h  r a d a r s  
w i t h o u t  g e t t i n g  i n  t h e  way o f  o t h e r  a i r c r a f t .  
I n t e r e s t :  O p p o r t u n i t y  f o r  c o n t r i b u t i o n  t o  l a r g e  experiment. Many 
c o l l a b o r a t o r s .  
t i o n  because t h i s  i s  n o t  t h e  b e s t  p lace t o  exper iment w i t h  i t  due t o  l a r g e  
number o f  o t h e r  a i r c r a f t .  
Should be con f iden t  o f  t h e  system and exper ienced i n  opera- 
S u i t a b i l i t y :  Same as f o r  boundary- layer measurements a t  NSSL. 
3. Real-Time Data D i s p l a y  
As a r e s u l t  of d i s c u s s i o n  w i t h i n  t h e  group and w i t h  t h e  MAS personnel  
who designed t h e  d i s p l a y  sof tware,  i t  was concluded t h a t  t h e  i n t e n s i t y  (S/N)  
i n f o r m a t i o n  was n o t  adequate. 
d i s p l a y  and see t h e  i n t e n s i t y  i n f o r m a t i o n  e a s i l y .  I t  was b e l i e v e d  t h a t  t h i s  
would be a most impor tan t  q u a n t i t y  t o  l o o k  a t  d u r i n g  t h e  f l i g h t .  
c o n s i d e r a b l e  d i s c u s s i o n  rega rd ing  the form o f  t h e  d i s p l a y ,  bu t  no c l e a r  
consensus was reached. 
be e a s i e r  t o  read  than t h e  arrowhead l e n g t h s  on t h e  wind vec to r  d i s p l a y .  
I t  was n o t  p o s s i b l e  t o  l o o k  a t  t h e  v e c t o r  
There was 
Any disp' idy u f  t i lo s c a l a r  f f e l d  c;f i n t c n 5 ' t y  W x ! d  
4. D e t a i l s  o f  --_ F l i x h t  T e s t  - .  . .  Options - 
cases t h e y  r e p r e s e n t  a summary o f  the group d i scuss ions .  
Some d e t a i l s  o f  t h e  proposed f l i g h t  t e s t s  a r e  g i ven  below. I n  two 
For t h e  San Corgonio 
H-3  
Pass t e s t  t h e  d e s c r i p t i o n  i s  s u p p l i e d  by W. C .  C l i f f .  
were d iscussed by  t h e  group, b u t  i n  v iew o f  t h e  many u n c e r t a i n t i e s  i t  appears 
b e t t e r  t o  proceed i n  a more general  manner a t  t h i s  p o i n t .  C e r t a i n l y ,  i t  w i l l  
be d e s i r e d  t o  t ry  a l l  t h e  d i f f e r e n t  r e s o l u t i o n s  and o p e r a t i o n  modes i n  t h e  
f i r s t  t e s t s .  Operat ion a t  d i f f e r e n t  t u r b i d i t y  l e v e l s  w i l l  a l s o  be necessary 
t o  see what range can a c t u a l l y  be a t t a i n e d .  The f i r s t  t e s t s  should p r o v i d e  
a l l  t hese  o p p o r t u n i t i e s ,  t o g e t h e r  w i t h  ground t r u t h  f o r  comparison. Assum- 
i n g  t h a t  a l l  i s  i n  o r d e r ,  t h e  l a s t  t e s t  should be t o  c o n t r i b u t e  t o  t h e  CCOPE 
exper iment.  
D e t a i l e d  f l i g h t  p lans  
Cal i f o r n i a  Cen t ra l  Val 1 ey F1 i g h t  Tes t  Opt ion 
J u s t i f i c a t i o n :  The a i r  f l o w  and c i r c u l a t i o n  p a t t e r n s  w i t h i n  t h e  
Cen t ra l  V a l l e y  a r e  o f  g r e a t  i n t e r e s t  because o f  t h e i r  impor tance i n  a i r  
p o l l u t i o n  assessment and c o n t r o l .  P o l l u t i o n  w i t h i n  t h e  v a l l e y  a t  p resen t  
i s  p r i m a r i l y  due t o  a g r i c u l t u r a l  burn ing,  b u t  t h e  i n c r e a s i n g  pressures o f  
u r b a n i z a t i o n  and' t h e  proposed s i t i n g  of a l a r g e  f o s s i l - f u e l  power p l a n t  
i n d i c a t e  t h a t  o the r  sources w i l l  dominate i n  t h e  near f u t u r e .  The wind 
da ta  a v a i l a b l e  a t  p resen t  a r e  n o t  adequate t o  a s s i s t  t h e  r e g u l a t o r s  who a r e  
c o n t r o l l i n g  a g r i c u l t u r a l  bu rn ing  ( C a l i f o r n i a  A i r  Resources Board, v a r i o u s  
coun ty  a i r  q u a l i t y  groups)  o r  t h e  p lanners  i n t e r e s t e d  i n  l ong - te rm prob- 
lems (EPA, ARB, e l e c t r i c  u t i l i t y ,  DOE). A h i g h - q u a l i t y  measurement o f  t h e  
temporal and s p a t i a l  v a r i a t i o n s  o f  t h e  f l o w  would be a s i g n i f i c a n t  c o n t r i -  
b u t i o n .  
I n  a d d i t i o n  t o  t h e  genera l  f l o w  p a t t e r n s ,  t h e r e  a r e  two a d d i t i o n a l  
f l o w  measurements t h a t  would be o f  c o n s i d e r a b l e  use. 
of f l o w  near t h e  l a r g e  ag-burn ing smoke plumes, i t  may be p o s s i b l e  t o  m i n i -  
m ize  t h e  p o l l u t i o n .  Some work on t h i s  has been done by researchers  a t  
UC Davis, b u t  a d d i t i o n a l  data would be h e l p f u l .  A l a r g e  i n t e r a g e n c y  e f f o r t  
has been conducted t o  determine t h e  d e t a i l s  and c l i m a t o l o g y  o f  t h e  l o c a l  
a i r  f l o w  i n  the v i c i n i t y  o f  t h e  Geysers geothermal f i e l d  i n  n o r t h e r n  
C a l i f o r n i a .  A s h o r t - t e r m  measurement o f  t h e  wind f l o w  p a t t e r n s  would be 
u s e f u l  t o  t h e  mesoscale m o d e l l e r s  (UC Davis,  DOE L i ve rmore ) .  
By s t u d y i n g  t h e  d e t a i l s  
T h i s  area p rov ides  a number o f  advantages f o r  t h e  t e s t i n g  o f  t h e  
a i r b o r n e  lase r -Dopp le r  system. I t  i s  c l o s e  t o  NASA Ames, has some p o s s i -  
b i l i t i e s  f o r  comparison o f  da ta  (1500 f t  tower  a t  Walnut Grove, inst rumen- 
t a t i o n  a t  t h e  Geysers, t r a c e r  r e l e a s e  by DOE L i ve rmore ) ,  has a t  l e a s t  one 
p l a c e  (Sacramento D e l t a )  where t h e  f l o w  i s  q u i t e  r e g u l a r  and known i n  d i r e c -  
t i o n ,  and i s  normal ly  q u i t e  h i g h  i n  o p t i c a l  s c a t t e r e r s .  
San Gorgonio Pass Tes t  Opt ion 
P r i n c i p a l  I n v e s t i g a t o r :  D r .  W i l l i a m  C. C l i f f ,  B a t t e l l e  PNL 
O b j e c t i v e :  To c h a r a c t e r i z e  t h e  v e r t i c a l  and h o r i z o n t a l  e x t e n t  o f  t h e  
a c c e l e r a t e d  f l o w  r e g i o n  th rough  and on t h e  e a s t  s i d e  of  San Gorgonio Pass. 
H-4 
Location: San Gorgonio Pass,  Cal i forn ia .  San Gorgonio Pass i s  located 
approximately 120 miles  d u e  e a s t  of Los Angeles, Cal i forn ia .  
Description of Area: San Gorgonio Pass i s  approximately 40 km (25 mi les )  
long w i t h  a westerly, e levat ion of approximately 760 m (2500 f t )  gradual ly  
dropping t o  an e leva t ion  of  approximately 200 m (700 f t ) .  
pass i s  genera l ly  approximately 8 km ( 5  mi les )  [ a t  a contour approximately 
300 m (1000 f t )  above t h e  pass f loor] .  On the  e a s t  end the pass quickly 
broadens and becomes an open d e s e r t  f l o o r .  The mountain r i s e s  t o  approxi- 
mately 3350 km (11,000 f t )  within 16 t o  24 km (10 - 15 mi les )  on each side 
of the va l l ey  f loo r .  
The w i d t h  of t he  
Regions f o r  Wind Assessment: The e a s t e r l y  8 km ( 5  miles) of the pass 
and the  adjoining 16 kin (10 mi l e s )  of d e s e r t  va l l ey  f l o o r .  
a rea  t o  be assessed i s  roughly 16 km (10 mi les )  i n  the east-west d i r ec t ion  
by 24 km (15 miles) i n  the  north-south d i r ec t ion .  
assessed i s  rdughly 8 km i n  the east-west d i r ec t ion  and 8 km i n  t h e  north- 
south d i r ec t ion .  
T h e  va l ley  f l o o r  
The pass a rea  t o  be 
Elevations o f  Horizontal Wind Field Mapping: Anticipated f l i g h t  paths 
should be a t  approximately 100 m (1~330 f t ) ,  300 m (%lo00 f t ) ,  500 m (1~1600 f t ) ,  
and 1500 m (1~5000 f t )  above grade level over t he  va l l ey  and w i t h  the poten t ia l  
addi t ion  of a 1000 m (1~3000 f t )  e leva t ion  taken i n  the  pass ( r e f e r  t o  F i g .  1 ) .  
Desired Horizontal Spa t ia l  Resolution of Velocity Field: For ele- 
va t ions  below 300 m (approximately 1000 f t )  a reso lu t ion  o f  L 300 m i s  
des i red .  Ahove 300 m a reso lu t ion  o f  . 500 m i s  des i red .  __ 
Ground T r u t h  Data Avai lab i l i ty :  -- A t  the  expected t e s t  period the  f o l -  
lowing meteorological data s t a t i o n s  wil l  be operating and the  data wil l  be 
ava i l ab le  f o r  the  t e s t  program: 
a .  
b. One 50 m (160 f t )  tower, 3 l eve l s  o f  instrumentation 
c .  
One 100 m (330 f t )  tower, 4 l eve l s  of instrumentation 
Approximately twelve 10 m (33 f t )  towers w i t h  instruments a t  
10 m level  only 
Previous Data Available:  
a .  
b. 
c .  20 s t a t i o n s  a t  10 m (33 f t ) ;  1 year  (Augus t  '78 - August ' 79 )  
d. 
One 100 m (330 f t )  tower; approximately 1 year  of data  
One 50 m (150 f t )  tower; approximately 3 years  of  data  
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Agencies Express ing I n t e r e s t  i n  San Gorgonio T e s t  Op t ion :  
a. 
b. Southern C a l i f o r n i a  Edison Co. 
c. 
d. B a t t e l l e ,  P a c i f i c  Northwest L a b o r a t o r i e s  
DOE Federal  Wind Energy Program/Wind C h a r a c t e r i s t i c s  Program 
E l  emen t 
S t a t e  o f  Cal i f o r n i a / C a l  i f o r n i a  Mind Energy Commission 
. 
J u s t i f i c a t i o n :  The San Gorgonio Pass r e g i o n  i s  a known h i g h  wind 
resource  r e g i o n  and i s  c u r r e n t l y  i d e n t i f i e d  as a DOE cand ida te  wind t u r b i n e  
s i t e  f o r  t h e  p o t e n t i a l  placement of one o r  m u l t i p l e  l a r g e  wind t u r b i n e ( s ) .  
The area i s  o f  extreme i n t e r e s t  t o  the S t a t e  o f  C a l i f o r n i a  Energy Commission 
and t h e  Southern C a l i f o r n i a  Edison u t i l i t y  company as a h i g h  wind resource  
r e g i o n  f o r  t h e  p o t e n t i a l  placement o f  a l a r g e  w ind  t u r b i n e  farm f o r  e l e c t r i -  
c a l  power p roduc t i on .  Southern C a l i f o r n i a  Edison has a l r e a d y  purchased 
two l a r g e  wind t u r b i n e s  from p r i v a t e  companies, t h e  f i r s t  o f  which has been 
f i e l d  e rec ted  and i s  expected t o  become o p e r a t i o n a l  l a t e r  t h i s  yea r  (1980).  
To e s t a b l i s h  t h e  number o f  l a r g e  wind t u r b i n e s  t h a t  t h i s  r e g i o n ’ s  
wind resource  c o u l d  suppor t ,  t h e  v e r t i c a l  and h o r i z o n t a l  e x t e n t  o f  t h e  
a c c e l e r a t e d  f l o w  resource  needs t o  be determined. 
a c c e l e r a t e s  t h e  f l o w  f rom t h e  west s i d e  o f  t h e  mountains th rough  t h e  pass 
and spreads t h e  a c c e l e r a t e d  f l o w  onto t h e  d e s e r t  f l o o r  on t h e  e a s t e r l y  s i d e  
of  t h e  pass. 
t h e  p o t e n t i a l  mountain f l o w  which may feed  t o  t h e  l o w e r  l e v e l s  i f  wind 
t u r b i n e s  e x t r a c t  energy from t h e  lower l e v e l  winds. The v e r t i c a l  e x t e n t  i s  
needed t o  determine how much l a n d  comprises t h e  r i c h  wind resource area f o r  
wind t u r b i n e  placement. There i s  ex tens i ve  ground t r u t h  data assured d u r i n g  
t h e  t e s t i n g ,  as desc r ibed  under “Ground T r u t h  Data A v a i l a b i l i t y , ”  f o r  system 
v e r i f i c a t i o n  o f  t h e  a i r b o r n e  NASA Doppler l i d a r  system. 
v i d e s  a d i r e c t  s p i n - o f f  of advanced NASA technology t o  o t h e r  government 
agencies, DOE, and t h e  S t a t e  Energy O f f i c e  o f  C a l i f o r n i a ,  a p r i v a t e  u t i l i t y ,  
Southern C a l i f o r n i a  Edison, and t o  t h e  general  p u b l i c  who w i l l  b e n e f i t  f rom 
t h e  power developed by o p t i m a l l y  placed wind t u r b i n e s  i n  t h e  t e s t  o p t i o n  area. 
The San Gorgonio Pass 
The v e r t i c a l  e x t e n t  of t h e  a c c e l e r a t e d  f l o w  i s  r e q u i r e d  t o a s s e s s  
This  program pro-  
NSSL. Oklahoma F l i a h t  Test Opt ion 
J u s t i f i c a t i o n :  Th is  f l i g h t  t e s t  p rov ides  an e x c e l l e n t  o p p o r t u n i t y  
t o  t e s t  t h e  a i r b o r n e  l a s e r  Doppler system a g a i n s t  another  t y p e  of system t h a t  
can measure a two-dimensional f i e l d  o f  wind i n  c l e a r  a i r .  
used t h e i r  dual-Doppler rada rs  t o  look a t  t h e  convec t i on  i n  t h e  a f t e r n o o n  
boundary l a y e r .  The l a s e r  system w i l l  p r o v i d e  a f i n e r  s c a l e  r e s u l t  t o  be 
compared w i t h  t h e  radar-measured winds. The l a s e r  r e s o l u t i o n  i s  a p p r o x i -  
m a t e l y  a f a c t o r  of t e n  sma l le r .  
t h e  l a r g e r  sca les,  and ‘the l a s e r  data w i l l  p r o v i d e  spec t ra  o f  s m a l l e r  s c a l e  
tu rbu lence .  A w e l l - i n s t r u m e n t e d  1500 f t  tower i s  a l s o  a v a i l a b l e  t o  check 
one p o i n t  on t h e  laser-measured wind f i e l d .  Data r e d u c t i o n  f rom t h e  rada rs  
can be done q u i c k l y ,  so that  a n e a r l y  day-by-day check can be made t h a t  t h e  
two systems a r e  i n  agreement. 
NSSL has a l r e a d y  
The h o r i z o n t a l  s p e c t r a  can be compared i n  
H-7 
A s i g n i f i c a n t  advantage of t h i s  t e s t  o p t i o n  i s  t h a t  t h e r e  i s  no schedul-  
The tower i ns t rumen ts  a r e  a l s o  i n  r e g u l a r  ope ra t i on .  
i n g  problem. 
t h e  990 i s  ready t o  f l y .  
NSSL has conducted a i r c r a f t  o p e r a t i o n s  i n  bo th  areas be fo re ,  so t h e r e  should 
be no d i f f i c u l t y  from an opera t i ons  s tandpo in t .  
program, i s  an asset  i n  t h i s  because i t  w i l l  a l l o w  t h e  990 l a s e r  system t o  
s e t  t h e  schedule. T h i s  should be i d e a l  f o r  t h e  f i r s t - y e a r  t e s t ,  i n  v iew of 
a n t i c i p a t e \ d  d i f f i c u l t i e s  i n  o p e r a t i n g  a new system and g a i n i n g  exper ience i n  
c o o r d i n a t i n g  the a i r c r a f t  movements t o  o b t a i n  t h e  bes t  p o s s i b l e  wind data.  
The r a d a r s  a r e  i n s t a l l e d  a t  NSSL and can be operated whenever 
The absence o f  a l a r g e  f i e l d  
P a r t i c i  Dat ion i n  CCOPE. 
The CCOPE p r o j e c t  i s  a v e r y  l a r g e  f i e l d  exper iment aimed a t  cumulus 
dynamics on t h e  h i g h  p l a i n s  ( e a s t e r n  Montana). A l a r g e  number o f  a i r c r a f t ,  
Doppler r a d a r s ,  ground- level  winds, and radiosondes a r e  i n v o l v e d .  P lanning 
i s  e labo ra te ,  and c o o r d i n a t i o n  w i l l  be d i f f i c u l t .  The p r o j e c t  o f f e r s  a good 
o p p o r t u n i t y  t o  make a c o n t r i b u t i o n  w i t h  t h e  a i r b o r n e  lase r -Dopp le r  system. 
I n  t h e  boundary l a y e r ,  convergence and wind p a t t e r n s  i n  t h e  c l e a r  a i r  b e f o r e  
storms develop and underneath t h e  develop ing storms w i l l  be o f  g r e a t  i n t e r e s t .  
A t  upper l e v e l s ,  convergence o f  ae roso ls  and cloud-edge mot ions  w i l l  be of 
i n t e r e s t .  Such a compl icated exper iment i s  n o t  t h e  p l a c e  t o  t r y  o u t  a new 
system, however. 
s t a r t i n g  t h i s  p r o j e c t  t o  ensure t h a t  t h e  system i s  a c t u a l l y  measur ing what 
we b e l i e v e  i t  t o  be measuring. The o p e r a t i n g  procedures ( f l i g h t  t r a c k s ,  
a l t i t u d e s ,  s p a t i a l  r e s o l u t i o n ,  range o f  o p e r a t i o n ,  e t c . )  t h a t  y i e l d  good 
wind f i e l d s  should be w e l l  proved by t h e  t i m e  o f  t h e  CCOPE. T h i s  w i l l  ensure 
t h a t  t h e  p a r t i c i p a t i o n  w i l l  have a h i g h  y i e l d  and t h a t  t h e  c o o p e r a t i o n  from 
t h e  CCOPE p a r t i c i p a n t s  w i l l  be wor th  t h e i r  e f f o r t .  
There w i l l  e x i s t  o p p o r t u n i t i e s  f o r  t e s t i n g  t h e  l a s e r  system u s i n g  t h e  
r a d a r s  t h a t  w i l l  be i n  p o s i t i o n  i n  t h e  same manner as a t  NSSL. 
c l e a r  a i r  (a  few o f  t h e  r a d a r  s e t s )  o r  w i t h  c h a f f  drops (most o f  t h e  r a d a r s ) ,  
two-dimensional wind f i e l d s  can be measured by t h e  r a d a r s  and compared w i t h  
t h e  l a s e r  system. Such comparisons w i l l  have t o  be on " o f f  days" o f  t h e  
b i g  exper iments o r  e a r l y  on f l i g h t  days. T h i s  would e n t a i l  some problems 
f o r  t h e  CV-990 because o f  t h e  t i m e  necessary t o  p l a n  f l i g h t s  and t h e  expense 
of w a i t i n g  i n  readiness f o r  an a p p r o p r i a t e  t i m e  t o  f l y .  
Because o f  t h e  schedu l i ng  d i f f i c u l t i e s  i n h e r e n t  i n  such a b i g  e x p e r i -  
ment, i t  appears a b e t t e r  i d e a  t o  accompl ish most o f  t h e  o p e r a t i o n a l  and 
comparison t e s t i n g  i n  p r i o r  t e s t s  ( t h e  ones i n  C a l i f o r n i a  and a t  NSSL o f fe r  
good o p p o r t u n i t i e s )  and t o  go t o  t h e  l a r g e  exper iment  w i t h  a system t h a t  
i s  proven. 
The a i r b o r n e  l a s e r  Doppler should be used enough b e f o r e  
E i t h e r  i n  
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R e p o r t  by Team M e m b e r  
D r .  R i c h a r d  Doviak ,  NSSL, N o r m a n ,  Oklahoma 
i .  
U.S. DEPARTMENT OF COMMERCE 
National Oceanic and Atmospheric Administration 
ENVIRONMENTAL RESEARCH LABORATORIES 
National Severe Storms Laboratory 
1313 Halley Circle 
Norman, OK 73069 
September 9, 1980 
Mr. George Fichtl, ES82 
George C .  Marshall Space Flight Center 
Huntsville, AL 35812 
Dear George: 
Thank you for i n v i t i n g  me to  the f i r s t  sc ien t i f ic  working group meeting of 
an airborne l idar  wind measurenient program. We a t  NSSL look forward to  a Joint 
NASA-NSSL experiment u t i l i z ing  NASA's airborne Doppler l i da r  and NSSL's Doppler 
radars. I take 'this opportunity t o  confirm t h a t  our Doppler radar should be 
available for the j o i n t  experiment la te  June or July 1981 and we are  attracted 
by the prospect of having the opportunity to compare the kinematic structure of 
the atmosphere measured independently by these two systems. 
Upon my return t o  Oklahoma, we t h o u g h t  of some other experiments which you 
might want  to  consider conducting during the time the CV 990 i s  in Central 
Oklahoma. 
a week t o  10 days d u r i n g  which time we could complete the l i s t ed  experiments. 
They are: 
Hopefully, the a i r c ra f t  can be stationed a t  Tinker Air Force Base for 
I .  
11. 
Comparison of Horizontal Wind Fields 
Comparing Two Dimensional Spectra of the Kinematic Structure o f  the 
Convecti vely Driven Planetary Boundary Layer 
111. Comparison of Doppler Derived Heat Flux Profiles with Those I n  Situ 
Aircraft  Measurements 
IV. Comparison of Mesoscale Divergence and Deformation Measurements in the 
Pre-Storm Environment 
I .  
V .  Comparison o f  Thunderstorlil Gust Front Winds 
Comparison of Horizontal ~ Wind Fields - - -  
This i s  one of the experiitients wc discussed a t  the meeting and i s  one t h a t  
should be relatively easy to  execute. The a i r c ra f t  could f ly  a t  a fixed a l t i tude  
(e .g . ,  1 km) soiiie 40 kit1 SW o f  Noriiian, and the radar  and l idar  both should have 
suf f ic ien t  tracers on any sunny afternoon t o  iiiap the wind. I n  th i s  experiment 
we will $ompare ( 1 )  the niean horizontal wind averaged along the s t r i p  (e.g., 
10x30 krn' of atmosphere probed by l i t e  1 idat- ,  afid ( 2 )  the scczndary wind f ie ld  
patterns.  
comparisons could be niade shor t ly  ( 1 - 2  days) a f t e r  the experiment. If we get 
good agreement w i t h  ( Z ) ,  I ' l l  be delighted. 
should f l y  crosswind and along wind and comparisons o f  mean and secondary f ie lds  
made. 
I'm hopeful t h a t  we will get a t  least  good agreement for ( 1 )  and 
I n  t h i s  experiment the a i r c ra f t  
L t r  t o  George F i c t l ,  ES82, NASA 
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11. Comparing Two Dimensional Spectra 
Th is -exper imen i  would p rov ide  data f o r  an ana lys i s  o f  t h e  type descr ibed i n  
t h e  enclosed paper, 
Boundary Layer Resolved by Dual Doppl er-Radars" . O f  p a r t i c u l a r  i n t e r e s t  here 
w u l d  be o extend these measurements t o  o b t a i n  v e r t i c a l  p r o f i l e s  o f  u, v, w, 
G2, a', 0' w i t h  radar  and l i d a r .  Th is  experiment cou ld  be conducted as p a r t  of 
E#perYmen! I, b u t  i t  would be necessary f o r  the  a i r c r a f t  t o  make passes a t  5 
d i f f e r e n t  a l t i t u d e s  (e.g., 300, 609, 900, 1200, and 1500 m) .  
make d i r e c t  measurement o f  w and 0 ? This  would be impor tan t  because computation 
o f  w f rom l i d a r  and radar  data i s  Much more d i f f i c u l t ,  and i t  would be impera t ive  
t o  have a d i r e c t  i p  s i t u  measurement o f  turbulence even i f  i t  i s  along a s i n g l e  
l i n e  whereas t h e  l i d a r  and rada r  p rov ide  an area o f  data. 
"Turbulence and Waves i n  the  O p t i c a l l y  Clear  P lanetary  
Can the  a i r c r a f t  
111. Comparison o f  Heat F lux  
I ' v e  enclosed a copy o f  a paper, "Measuring Heat F lux  and S t r u c t u r e  Funct ions 
of  Temperature F1 uc tua t ions  w i t h  an Acoust ic  Doppler Sodar"?* There i t  descr ibes 
a technique t h a t  can be used t o  r e l a t e  p r o f i l e s  o f  v e r t i c a l  wind var iance t o  
p r o f i l e s  o f  heat f l u x .  Al though we have n o t  performed the  radar  measurement 
y e t ,  I'm con f iden t  t h a t  w i t h  minor  mod i f i ca t i ons  t o  our  radar,  we should be ab le  
t o  o b t a i n  the  r e q u i s i t e  data.  We have a shrouded v e r t i c a l l y  po in ted  antenna 
t h a t  makes s ide lobe l e v e l s  smal l  and I be l ieve  we would be ab le  t o  c o l l e c t  data 
as low as 300 m above the  surface. I n  t h i s  experiment we hope t h a t  t h e  a i r c r a f t  
would be ab le  t o  make s p i r a l i n g  ascents around t h e  v e r t i c a l l y  po in ted  Doppler- 
rada r  i f  measurements o f  w a r e  not2compromised s i g n i f i c a n t l y .  What we need t o  
compare f i r s t  i s  the p r o f i l e s  o f  CI , and i f  the  a i r c r a f t  i s  s u i t a b l y  instrumented, 
t h e  heat  f l u x  p r o f i l e s .  
o f  f l u c t u a t i o n s  i n  w and e ) ?  
per form f l y - b y ' s  over our  me teo ro log i ca l l y  instrumented 444 m tower where we can 
make heat f l u x  comparisons w i t h  tower measurements. 
Can the  a y r c r a f t  measure d i r e c t l y  heat f l u x  (by c o r r e l a t i o n  
As an ad junc t  t o  t h i s  experiment, we may want t o  
One o f  our  researchers (Bob Rabin) has r e c e n t l y  suggested ( see2attached 
memo f o r  t he  record) t h a t  t he  r e f r a c t i v e  index s t r u c t u r e  cons tan t  Cn can be 
ob ta ined f rom knowledge o f  sens ib le  heat  H and l a t e n t  heat  E f l uxes .  
a i r c r a f t  p rov ide  data so we can check t h i s  hypothes is? Can one make water vapor 
var iance and temperature covar iance measurements w i t h  t h e  a i r c r a f t ' s  rad iometer? 
What a re  t h e  c h a r a c t e r i s t i c s  o f  t h e  radiometer? 
Can t h e  
IV. Comparison o f  Mesoscale Divergence and Deformat ion i n  t h e  Pre-Storm 
Environment 
Th is  may be the most t r y i n g  experiment because we would have t o  w a i t  u n t i l  a 
s torm s i t u a t i o n  develops i n  Cent ra l  Oklahoma. 
do occur w h i l e  t h e  a i r c r a f t  i s  here, I suggest we conduct it. 
summary o f  a paper e n t i t l e d ,  " S t a t i s t i c a l  Considerat ions i n  t h e  Es t imat ion  Of 
Wind F i e l d s  from S ing le  Doppler Radar and an A p p l i c a t i o n  t o  Pre-Storm Boundary 
Nevertheless,  i f  such cond i t i ons  
I enclose a 
* 
Th is  paper i s  n o t  inc luded i n  t h i s  r e p o r t  because of copy r igh t  r e s t r i c t i o n s ;  
p lease see Radio Science, 15, No. 2, March-Apr i l  1980, pp. 297-317. 
** 
Th is  paper i s  no t  inc luded i n  t h i s  repo r t ;  p lease see Journal  of App l ied  
Meteorology, 19, February 1980, pp. 199-205. 
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Layer Observations", t h a t  suggests t h a t  a s i n g l e  Doppler radar  can map the  
mesoscale (L>10 km) pa t te rns  of divergence and deformat ion which we be l i eve  a re  
impor tant  i n  the  t r i g g e r i n g  of thunderstorms. This  work i s  new a t  NSSL and 
untested. We suggest t h a t  t he  a i r c r a f t 2 f l y  t r i a n g u l a r  pa t te rns  a t  constant  
a l t i t u d e  over  l a r g e  areas (say 30x30 km ) and divergence and deformat ion computed 
us ing  t h e  mean winds measured along the path. 
V .  Comparison of Thunderstorm Gust Front  Winds 
Th is  experiment w i l l  be the  most d i f f i c u l t  t o  perform because i t  requ i res  
the  presence of a n o t  t oo  f requent  phenomena w i t h i n  our radar  range (-60 km) and 
good coord ina t ion  between a i r c r a f t  and radar.  The fo recas t  o f  t he  gust  f r o n t  i n  
the  t ime ( 2  hrs.)  i t  takes the  a i r c r a f t  t o  be a i rborne  from a standby p o s i t i o n  
makes d i f f i c u l t  the success o f  t h i s  experiment. 
i n  the  c l e a r  a i r  ou t f l ow  of thunderstorms i s  impor tant  i n  assessing the  c a p a b i l i t i e s  
o f  Doppler radars t o  determine gust  f r o n t  hazards t o  land ing  a i r c r a f t .  In  t h i s  
experiment we would d i r e c t  t he  a i r c r a f t ,  us ing radar  observations, t o  f l y  along 
the  gust  f r o n t  so t h a t  wind i n  the  gust f r o n t  measured by radar  and l i d a r  can be 
compared. 
Nevertheless, wind shear measurements 
George, I hope I haven' t  overwhelmed you w i t h  experiments, b u t  i f  we can do 
any oneof these, I would consider the  miss ion a success. Experiments I, 11, and 
I 1 1  cou ld  be accomplished i n  one day, I V  and V i n  another. 
any i n fo rma t ion  you would send me t h a t  descr ibes the  a i r c r a f t  ins t rumenta t ion  
and t h e  products ava i l ab le .  
p lease thank John Kaufman f o r  k i n d l y  t ranspor t i ng  me t o  the meeting. 
r e a l i z e  my motel was o u t  o f  the way o f  h i s  normal commuter route.  
I would apprec iate 
I d i d n ' t  
Give my regards t o  Ed Weaver and Jim B i l  b ro and 
S i  ncerel  y , 
Encl s .  Dick Doviak 
Chief, Advanced Techniques 
cc NSSL Managers 
Lee 
Z r n i c  
Ra b i  n 
Rajan, OU 
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prestorm enviroiment using Doppler radar.  
derived w i n d  f i e l d s ,  radar r e f l e c t i v i t y  from ref rac t ive  index f luc tua t ions  
may provide i n f o r m a t i o n  on the temperature and  moisture s t r u c t u r e  of the  
boundary layer .  Stephen G u r k  and Dusan Zrnic have already suggested how 
r e f l e c t i v i t y  could reveal a weakening of the moisture capping inversion 
(see Nemo f o r  the Record - Dusan Zrnic, 12 May 1980). The purpose of  this  
note i s  t o  review what  i s  known a b o u t  r e f l e c t i v i t y  i n  c l e a r  a i r  a s  re la ted  
t o  the turbulent fluxes o f  momentum, heat and moisture i n  the  planetary 
boundary layer .  
In c l e a r  a i r ,  the radar r e f l e c t i v i t y ,  rl ( length- ') ,  can be derived 
from the re f rac t ive  index s t r u c t u r e  constant,  C$ (length -2/3)  and radar  
wavelength, A (equation 81) ;  see Hardy e t  a l . ,  1966, J. Geophys. Res., 71, 
We would l i k e  t o  ascer ta in  as  much information as  we can about the 
Besides the obvious use of Doppler 
pp 1537-1 552. 
2 -1/3 11 - 0.38 Cn A 
(Refractive index, n ,  i s  nondimensional) 
Recall a l s o  from Gossard 1977, Radio Sci . , Vol . 12, No. 1 , pp 89-105, 
equation #2. 
C, 2 a C, + b 2  Cq 2 - 2ab C2,q 
2 2 2 -2/3), and wh re Ce (Deg  length-^/^), Cs (Wate a p o r  densi ty  . length 
potential  temperature variance,  water vapor variance,  and temperature - 
water vapor covariance, respect ively.  a and b depend on the  mean a i r  
temperature, water vapor densi ty ,  a i r  pressure,  and radar  wave1 ength: 
are t y p i c a l :  
2 
Ceq 5 (Degewater vapor density.  1 ength-5/K) a r e  the s t r u c t u r e  constants  f o r  
-1 (deg -an a o  ) ,  b=% (m3gr-l). For 10 cm radars the following constants  a=  
b2 = 17.8 10-12 Tropical Maritime Air 
a2 = 2.24 X 10-l' I 
2ab = 12.6 X ) 
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a2 = 1.25 X 10-l' 1 
Warm Continental Air b2 = 16.2 X 10-l' 
2ab = 9.01 X lo-'' 
The radar detects  backscattering from ref rac t ive  index  f luctuat ions of 
The associated temperature and moisture var ia t ions a r e  i n  5 cm sca le  s ize .  
the i n e r t i a l  subrange. There, the s t ructure  constants a r e  functions of 
molecular diss ipat ion ra tes  of turbulent k ine t ic  energy c y  temperature 
variance water vapor variance € 0 ,  and temperature-water vapor covariance 
(Equation 3 ) ;  see Glyngarrd, e t  a l . ,  1978, JAS, pp 47-58. 
€0 q 
( 3 4  
(3b) 
C2,= 4 AOc -1 /3 
U 
2 -1/3 E c q=  4 AqE 
q 
eq 4 / 3 €  ( 3 4  
2 C eq = 4 
where these a re  nondimensional constants A0 = 0.4 
Aq = 0.4 
koq = 0.5 - 0.6 
Combining equations 1 ,  2 ,  3 ,  t h e  radar r e f l e c t i v i t y  can be wri t ten i n  
terms o f  the  diss ipat ion r a t e s  (equation 4).. 
2 -li3 -li3(a2A E + b A E - 2 a b  cuq) 
e 9  c19 q = 1.52A E: 
The diss ipat ion r a t e s  appear i n  the budgets (balance equations) of  
turbulent k ine t ic  energy, temperature variance, water vapor variance, and 
temperature-speci f i c  humidity covariance. Fortunately , these budgets a r e  
best understood for unstable conditions (which concern the  prestorm environ- 
ment). Observations of the individual terms in the budgets suggest t h a t  the 
diss ipat ion ra tes  a re  functions of  the following surface layer* parameters: 
2 2 
?/PO (length /time ) 
where 'I shearing s t r e s s  
u,= f r i c t i o n  veloci ty  
u ' =  f luctuat ion i n  wind  component paral le l  t o  mean wind  
w ' =  f luctuat ion i n  vertical  wind component 
overbar  represents ertspmhl F! average 
P O =  surface a i r  density (mass/volume) 
2 )  Sensible heat f lux:  
H= EbCpo'w' (Energy/unit area/time) 
R' anetary *The surface layer  re fers  t o  the lower 10's of meters of the boundary layer  where the fluxes are  nearly constant w i t h  heig t 
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where Cp = s p e c i f i c  heat of a i r  a t  constant pressure (Energy/mass/deg) 
e ' =  f luctuat ion i n  potent ia l  temperature (Deg) 
3) Latent hea t  f lux:  
E = La q ' w '  (Energylarealtime) 
where La = l a t e n t  heat of  vaporization (Energy/mass) 
q '  = f luctuat ion i n  water vaporldensity (mass/volume) 
The equations 5 a-d a r e  based on surface layer  measurements w i t h  the  
1 imitat ions of horizontal homogeneity and s t a t i o n a r i t y .  (See Champagne 
e t  a1 . , JAS, 1977, pp 51 5-530.) 
where K = 0.35 (universal constant ,  nondimensional) 
Z = height above ground (m) ;  Z > Zo 
Zo = roughness length ( 0 )  - lo -*  m 
L = [-u: Tv/Kg( H/pcp + 1.72 X 10 - 6 - 2  (T)  E)] E 
- 
Tv = Mean Virtual Temperature ( O K )  
'ir = Mean Temperature ( O K )  
g = Gravitational Constant ( m  sm2)  
2 
' . H + e  
E =  e KZ( PCP 1 Z U ,  
where 9, = nondimensional ver t ica l  gradient o f  potent ia l  temperature. 
z -1/2 = (1/1.35)* (1-9-) 
2 L 
2 : E $ "  
where 9 = nondimensional v e r t i c a l  g r a d i e n t  of water vapor densi ty  
q Z 
= (1/1.35) '  (1 - 9 1 ) l / 2  
2.H.E.9 
E : =  (5d) 
'q ~ ( r ,  CpLa )u, 
(See Wyngaard, 1978, JAS pp  47-58) 
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Owing t o  experimental d i f f i c u l t i e s  i n  measuring humidity f luc tua t ions  
accurately,  equations (5c-d) a r e  perhaps l e s s  re1 i ab le  than desi red. 
a l l  t h e  equations are  semi-empirical and should  be considered approximations 
which best f i t  experimental data. 
However, 
The Doppl e r  radars cannot usual ly measure ref1 ecti v i  t y  accurately so 
close t o  the ground t o  concern the surface layer .  
parameterization of the  diss ipat ion rates above the  surface layer .  
parameterization i s  based primarily on AMTEX observations. 
follow from Lenschow and lfyngaard, JAS 1980, pp 1313-1326; Wyngaard e t  a1 . , 
1978, JAS, pp 47-58; and Lenschow, JAS, 1974, pp 465-474. 
Hence, we must consider 
Such 
Equations 6(a-d) 
(H) [B+SP+ * 57 ( F - S  P ) +O .7 (E- B ) ] 
( sp+3 .7 5 ) Tv PCP 
where B = 1 - 1.5 Z / Z i  i s  the  normalized buoyant production 
o f  turbulent k ine t ic  energy (nondimensional) 
Z=Zi  
= I BdZ = 0.25 
ZLO 
Z j  = inversion height ( in )  
SP = - L 2 - 9 4  [l - 15$ i s  thc! normalized shear production of  
turbrrlcnt k ine t ic  energy 
X = (1 - 15Zi/L) 14 
where D= 3.058 (m) Following Nyngaard e t  a1 . 1978 
-1 -7/3 -4/3 
( H / C P )  - 
. do e E  H when - = 0.61 - (-) (-) /3[fJ zi dZ E! La QCP 
o r  D = 1.4 following Lenschow e t  a l .  1980 
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Conclusions: The r e f l e c t i v i t y  (n) appears q u i t e  s ens i t i ve  t o :  
1 )  change in Bowen r a t i o  ( H / E )  when ava i lab le  energy (H+E) i s  constant.  
2 )  change in avai lable  energy when Bowen r a t i o  i s  constant .  
i- 
Equations 6 do n o t  apply a t  the  upper l i m i t  of the PBL ( Z >  .8 Zi) 
because of  entrainment through the  inversion layer  which i s  not only related 
t o  surface layer  parameters. Other factors  such as loca l ized  wind  shear  and 
wave phenomena a l so  s t rongly a f f e c t  t he  budgets o f  temperature and humidity 
variance and turbulent k ine t i c  energy i n  t ha t  region. 
Results o f  higher order  turbulence models give u, a s  an implicit  
function o f  surface layer  geostrophic wind  (pressure gradient)  and sens ib l e  
heat f l u x ;  equation 7 from Arya-Monthly Neather Review - Feb. 1971, pp  215-225. 
Ku* 'i e 0.2 z i / ~ ] 2  [ 
fZi u* 
+ 1.8f - 
-4 -1 where f = Coriol is  parameter - 10 s 
G - geostrophic wind  (m/s) 
Equations 4 ,  6 and 7 can be used t o  obtain r a d a r  r e f l e c t i v i t y  a s  a function 
of the  surface layer  sensible  ( H )  and l a t e n t  heat f lux  ( E ) .  Preliminary 
results a r e  shown i n  Figure 1 f o r  50 a n d  300 m above g round .  
p lo t ted  a s  a function of  Bowen r a t i o  (H/E) f o r  curves of  constant  ava i l ab le  
energy (H+E). The values o f  ava i lab le  energy a re  typical  f o r  a c l e a r  s p r i n g  
day and y ie ld  reasonable magnitudes of r e f l e c t i v i t y  from c l e a r  a i r  re turns .  
As Bowen r a t i o  increases ( increase i n  H ,  decrease i n  E associated with s o i l  dry- 
i n g )  t he re  i s  a la rge  drop i n  r e f l e c t i v i t y .  
comes approximately twice E.  Ref lec t iv i ty  then increases i f  Bowen r a t i o  becomes 
any higher. 
temperature-water vapc . \;Griance ia equation 2 .  
Re f l ec t iv i ty  i s  
This t rend continues u n t i l  H be- 
The m i n i m u m  i n  r e f l e c t i v i t y  i s  a r e s u l t  of the negat ive e f f e c t  of 
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The f i r s t  case may occur when cloud cover and surface albedo are nearly 
(Soi l  uniform over an area w i t h  large differences i n  soi l  moisture content. 
moisture differences may be due t o  previous rainfal l  d i s t r i b u t i o n  vegetation, 
and soi.1 conditions.) 
radiational f l u x  (see equation 8 ) .  
The available energy can be estimated from the net 
where R E Net radiational f l u x  a t  ear th 's  surface 
F E Heat flux through conduction from subsurface (F<<R d u r i n g  
periods of h i g h  solar radiation) 
R = Solar (.shortwave) f l u x  (1 - albedo) (8b)  
+ longwave f l u x  from atmosphere - longwave f l u x  emitted from ear th 's  surface 
Given R ,  radar r e f l ec t iv i ty  could be used t o  map Bowen r a t i o  over the area. 
In other words, b o t h  evaporation and heating r a t e  could be obtained w i t h  the 
use o f  radar! 
The second case could occur over an area o f  nearly uniform soi l  moisture 
b u t  w i t h  differences i n  albedo o r  cloud cover. For this condition, b o t h  the 
heating ra te  and evaporation could a g a i n  be determined from radar re f lec t iv i ty  
i f  the Bowen r a t io  i s  measured or estimated. 
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STATISTICAL CONSIDERATIONS I N  THE ESTIMATION OF WIND FIELDS 
FROM SINGLE DOPPLER RADAR AND APPLICATION 
TO PRE-STORM BOUNDARY LAYER OBSERVATIONS 
A l b e r t  J .  Koscielny 
SUMMARY 
Various methods have been suggested f o r  the  r e t r i e v a l  of t h e  vec to r  wind 
f i e l d  from r a d i a l  v e l o c i t y  data. I n  a l l  o f  these methods assumptions must be made 
about e i t h e r  the  temporal o r  s p a t i a l  s t r u c t u r e  o f  t he  vec tor  wind f i e l d .  The most 
common such assumption i s  t h a t  t he  vec to r  wind f i e l d  i s  s p a t i a l l y  l i n e a r  and t ime 
i n v a r i a n t .  Th is  assumption has been used f o r  the  VAD ( V e l o c i t y  Azimuth D isp lay)  
method o f  Browning and Wexler (1968), t he  VARD ( V e l o c i t y  ARea Disp lay)  o f  Easterbrook 
(1975), and the  VVP ( V e l o c i t y  Volume Processing) o f  Waldteufel  and Corbin (1979). 
An a t t r a c t i v e  fea tu re  o f  these techniques i s  t h a t  d i r e c t  est imates o f  t h e  
k inematic p roper t ies  o f  the mesoscale wind f i e l d  (i .e., divergence, deformation, 
v e r t i c a l  shear) can be made from a s i n g l e  Doppler radar .  Because these p roper t i es  
a r e  impor tant  f o r  thunderstorm development, t h e i r  accurate es t ima t ion  would be 
a powerful  t o o l  f o r  the ana lys i s  o f  the  pre-storm environment. 
Waldteufel  and Corbin (1979) i n v e s t i g a t e ,  t h e  a p p l i c a t i o n  o f  t h e  VVP t o  l a r g e  
volumes, i .e . ,  a f u l l  360' o f  azimuthal scan. They f i n d  t h a t  on t h i s  scale, t he  
assumption o f  l i n e a r i t y  i s  a bas ic  l i m i t a t i o n  t o  the  a p p l i c a t i o n  o f  t he  VVP. I n  
t h i s  repo r t ,  o n l y  sectors on the  order  o f  30' azimuthal  ex ten t  a r e  used. 
assumed t h a t  l i n e a r i t y  i s  a reasonably good approximat ion f o r  scales on the  order  
o f  30 km, espec ia l l y  i n  pre-storm environments. 
i s  n o t  s t ra igh t fo rward  because o f  t he  dependence of t h e  accuracy o f  t he  est imates 
on t h e  model proposed fo r  t he  r a d i a l  v e l o c i t i e s  and on t h e  geometry o f  t he  ana lys i s  
volume. 
I t is 
The ana lys i s  o f  r a d i a l  v e l o c i t i e s  
Several methods have been examined and were found t o  produce est imates t h a t  
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were biased (VARD) or whose variances were too large (VVP) .  
The well known s t a t i s t i ca l  regression theory was used to  show tha t  the analysis 
of single Doppler velocit ies from small volumes i s  not straightforward b u t  must be 
tailored to  specific applications. 
t o  design a model and an analysis volume, termed a modified VVP, tha t  allows the 
estimation of low level divergence w i t h  an accuracy of about ~ x ~ O - ~ S - ~  from actual 
radar data . 
Considerations from regression theory were used 
The modified VVP was applied to  a pre-storm data se t  fo r  1530-1630 CST on 
June 19, 1980. The divergence f ie lds  from this analysis were found to  be reasonable 
mesoscale patterns (See Fig. 1 ) .  
and Cimarron Doppler radars agreed f a i r ly  well. 
a re  areas where cumulus clouds or  thunderstorms l a t e r  develop. 
The f ie lds  derived independently from the Norman 
Lastly, the areas of convergence 
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Figure 1. Divergence f ie ld  produced by VVP o f  single Doppler d a t a  
acquired in a pre-storm environment. 
are 20 km apart. Divergence i s  multiplied by 10 . 
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Enclosed are  some notes on three observat ions t h a t  could be done us ing  
t h e  Doppler L idar .  
used i n  p rov ing  the  system - f i n d i n g  i t s  accuracy and l i m i t a t i o n s .  
The second, the  desc r ip t i on  o f  the wind f l o w  around S t .  Louis probably 
i s  n o t  appropr ia te  f o r  t he  FY 81 s tud ies  b u t  I would g i ve  i t  consider-  
a t i o n  f o r  l a t e r  s tud ies.  
complete data se t  on wind f l o w  i n  S t .  Louis  i n  spr ing  o r  summer i s  
obtained, many people w i l l  be in te res ted .  
c i r r u s  c loud study might be useful  as a t a r g e t  o f  oppor tun i ty  type of 
study. 
One, the cooperat ive e f f o r t  a t  the  BAO could be 
If your system operates we l l  and a reasonably 
The l a s t  suggestion, the  
The r e s u l t s  could be i n t e r e s t i n g  o r  they i1;a.y be un in te res t inq ;  
a look a t  c i r r u s  data gathered i n  your CAT nroqram would be 
n developing t h i s  study. 
t h a t  the a n v i l  mass b u d w t  s tud ies and the lower l e v e l  f lows 
arge convect ive s t o r m  w i l l  make i n t e r e s t i n g  s tud ies and I 
someone w i l l  w r i t e  them up. 
I hope these notes are o f  use t o  you. 
S incere ly  vours , 
L. Randall- Koenig I 
Associate Program D i r e c t o r  
f o r  Meteorology 
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1. COOPERATIVE EFFORT AT BAO 
Purpose : To check ou t  ins t rumenta t ion  and c o n t r i b u t e  t o  
boundary l a y e r  i nves t i ga t i ons  a t  BAO. 
Rat i onal e : Near Boulder a high, wel l - inst rumented tower 
ex i s t s ,  the  Boulder Atmospheric Observatory (B.90). 
The tower, w i t h  ins t rumenta t ion  a t  var ious l e v e l s  
i s  used fo r  b0undar.y l a y e r  observat ions and 
s c i e n t i s t s  at tempt t o  use these data t o  develop 
boundary l a y e r  models , i n t e r p r e t  three-dimensional 
wind f i e l d s ,  e tc .  Th is  ins t rumenta t ion  should be 
useful  f o r  v e r i f y i n g  the  accuracy o f  the  Doppler 
L ida r ,  and i f  s u f f i c i e n t l y  accurate,  t he  L i d a r  
data should be very h e l n f u l  t o  the  s c i e n t i s t  us ing  
the BAO f o r  e s t a b l i s h i n g  t h e  three-dimensional f low. 
Procedure: Coord inat ion w i t h  users o f  the BAO i s  requ i red .  
(BAG i s  operated by the Wave Propaqat i  on Laboratory  
of NOAA a t  Boulder; contact  i s  D r .  J.C. Kaimal 
FTS 320-6261.) A step-wise a l t i t u d e  ascent t o  
gather the  ho r i zon ta l  winds as a f u n c t i o n  of a l t i -  
tude i s  requ i red  ( a l t i t u d e s  o f  data ga ther ing  should 
be those a t  which inst ruments a r e  p laced) .  
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2. UNINTENDED WEATHER MODIFICATION 
Purpose : To detect mechanisms by which regions of industry 
and urbanization modify weather. 
Hypo t hes i s : Industry and urbanization modify weather b,y 
changing the surface roughness, albedo, e tc . ,  and 
by releasing large quantit ies of heat into the 
atmosphere. B o t h  broad area-wide and essentially 
point sources exis t .  Urbanization will influence 
mesoscale wind patterns, causing convergence, e tc .  
Industrial heat rejection will cause local convec- 
t ive  anomalies. Both effects  should resul t  i n  
unintended weather modification manifested by 
increased summer convection and associated phenomena. 
What to  look The Doppler l i d a r  would be used t o  map the wind  f ie ld  
for:  over the man-altered terrain.  Patterns of wind 
convergence on meso t o  local scales would be sought. 
Influences of topography, heat sources, surface 
roughness changes would be sought. Aerosol di s t r i  - 




Ideally one would examine different areas, isolated 
industry that ernitts large quantit ies of heat, 
relatively undustry free and f l a t  urbanized areas, 
etc;  however, because of the d a t a  on anomalous 
weather patterns t h a t  ex is t  as a result  o f  the 
Metroriiex proqrani, I believe S t .  Louis would be a 
logical s i t e .  This region combines urbanization, 
industry h a v i n g  essentially p o i n t  sources of high 
waste heat rejection and some interesting topography. 
A three-dimensional wind f ie ld  from the surface t o  
the convective condensation height would be very 
useful in sorting out causes of the anomalies 
t h a t  are observed. Such information would also be 
useful t o  numerical modeling attempts t h a t  investi- 
gate th i s  matter. 
. Data should be gathered i n  the spring or summer. 
A hax like f l i g h t  p a t h  should be used, perhaps 
several rectangles, t o  cover the needed ai-ea. 
should be taken a t  aDproximately 250 m intervals 
from as close to  the ground as possible t o  cloud 
Data 
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base height 1000 m (obtain data a t  four or more 
levels w i t h  a l t i tude  separation between levels 
increasing w i t h  height. Data throughout a day 
would be quite interesting b u t  I suspect t h a t  would 
be impossible a t  the time of the data gathering, 
clouds are n o t  necessary b u t  a sounding would be 
useful. 
The a i r c ra f t  should carry an I R  sensor to  map the 
d i s t r i b u t i o n  of surface temperature. 
ments would also be useful and i f  you decide t o  
follow th i s  suggestion, you m i g h t  contact Dick 
Dirks a t  NSF. 
some additional research. 
Other measure- 
He may be interested i n  stimulating 
. 
c 
3. CIRRIIS CLOUD STUDY 
Purpose : To characterize c i r rus  clouds by the i r  Lidar  
signal. 
characterist ics.  
To compare Lidar  and visually observed 
What t o  look a. Particle distribution i n  space how homo- 
for:  geneous are the clouds. 
b. Motion f ie ld  around c i r rus  ( a n d  without i t ) .  
c .  Phase change (l iquid to  ice)  in c i r rus .  Can 
you observe phase transit ions? If so,  do 
they occur more or less  continuously implying 
nuclei are continually being brought into 
the cloud; or that  there i s  a time constant 
(variable) for  different nuclei; or t h a t  
some other than heterogeneous nucleation 
process i s  t a k i n g  place. 
d.  Turbulence within and around c i r rus .  
e. Vertical distribution of particles.  I n  
particular,  how do L i d a r  and visual ohser- 
vations d i f f e r  in this respect? 
sensitive than the other? 
Is one more 
f .  In c i r rus  t h a t  i s  precipitating ice t h a t  
then evaporates, what is the humidity and 
temperature i n  the reqion of evaporation? 
This information would be useful for  modeling 
the cirrus  generating (seeding) cell  concept. 
When to  do the Target of o p p o r t u n i t y .  
another s i t e .  
Check out phase around 
experiment: San Francisco. Periods of go ing  from one s i te  t o  
F1 i g h t  procedure: Fly a t  c i r rus  level - make measurement from the 
summit t o  the "base" i n  steps t h a t  seem appro- 
priate depending upon the thickness of the cloud 
(steps of several hundred meters I suspect would 
be appropriate). 
Data required: Standard.  If i t  becomes clear tha t  the motion 
f ie ld  i n  c i r rus  i s  undetectable by the system, 
one might e lec t  t o  scan only i n  one direction to  
measure solely the intensity and therefore p a r t i -  
c le  distribution i n  space. 
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APPENDIX K 
ATTENDANCE L I S T  
F I R S T  S C I E N T I F I C  WORKING GROUP MEETING 
MSFC AIRBORNE DOPPLER LIDAR WIND VELOCITY MEASUREMENT PROGRAM 
NASA M a r s h a l l  S p a c e  F l i g h t  C e n t e r ,  A labama 
A u g u s t  25-26, 1980 
MSFC PERSONNEL 
D r .  James Arnold 
Envirormental App l ica t ions  Branch, ES84 
NASA/Marshall Space F l i g h t  Center, AL 35812 
Tel ephone: 205/453-2570 
M r .  James W. B i l b r o  
Opt ica l  Branch, EC32 
NASA/Marshall Space F l  i g h t  Center , AL 3581 2 
Telephone: 205/453-1597 
M r .  David A. Bowdle 
Atmospheric Physics Branch, ES83 
NASA/Marshall Space F1 i g h t  Center , AL 3581 2 
Telephone: 205/453-5218 
D r .  Hugh C h r i s t i a n  
Atmospheric Physics Branch, ES83 
NASA/Marshall Space F l i g h t  Center, AL 35812 
Telephone: 205/453-2643 
D r .  Thomas R. Edwards 
Op t i ca l  Physics Branch, ES64 
NASA/Marshall Space F l i g h t  Center, AL 35812 
Tel ephone: 205/453-0108 
D r .  George H. F i c h t l  
Chief , F l u i d  Dynamics Branch, ES82 
NASA/Marshall Space F1 i g h t  Center, AL 35812 
Tel  ephone: 205/453-0875 
M r .  Robert L.  Hol land 
F l u i d  Dynamics Branch, ES82 
NASA/Marshall Space F1 i g h t  Center, AL 35812 
Tel ephone: 205/453-1886 
M r .  Steve Johnson 
Opt ics  Branch, EC32 
NASA/Marshall Space F l i g h t  Center, AL 35812 
Tel  ephone: 205/453-3941 
M r .  Charles 0. Jones 
Op t i cs  Branch, EC32 
NASA/Marshall Space F l i g h t  Center, AL 35812 
Telephone: 205/453-1590 
M r .  W i l l i a m  n. Jones 
Opt ics  Branch, EC32 
NASA/Marshall Space F1 i g h t  Center , AL 35812 
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M r .  John W.  Kaufman 
F l u i d  Dynamics Branch, ES82 
NASA/Marshall Space F l i g h t  Center, AL 35812 
Telephone: 205/453-3104 
D r .  Char les A. Lundquis t  
D i r e c t o r ,  Space Sciences Laboratory ,  E S O l  
NASA/Marshall Space F l i g h t  Center, AL 35812 
Tel  ephone: 205/453-3105 
D r .  Robert  E'. Smith 
Deputy Chief , Atmospheric Sciences D i v i s i o n ,  ES81 
NASA/Marshall Space F l i g h t  Center, AL 35812 
Tel  ephone: 205/453-3101 
D r .  W i l l i a m  W. Vaughan 
C h i e f ,  Atmosphefic Sciences D i v i s i o n ,  ES81 
NASA/Marshall Space F1 i g h t  Center, AL 3581 2 
Telephone: 205/453-3100 
M r .  F. Wayne Wagnon 
Chief ,  O p t i c s  Branch, EC31 
NASA/Marshall Space F l i g h t  Center, AL 35812 
Telephone: 205/453-4623 
M r .  Edwin A. Weaver 
Op t i cs  Branch, EC32 
NASA/Marshall Space F l i g h t  Center, AL 35812 
Tel  ephone: 205/453-1597 
D r .  Gregory S. Wilson 
Environmental  A p p l i c a t i o n s  Branch, ES84 
NASA/Marshall Space F1 i g h t  Center, AL 3581 2 
Tel  ephone: 205/453-2570 
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M r .  George M. A lger  
CV-990 M i s s i o n  Manager 
Ames Research Center 
M o f f e t t  F i e l d ,  CA 94035 
Telephone: 41 5/965-5525 
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P.O. Box 5183 
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l jepartment of Atmospheric Sciences 
B a t t e l l  e , Paci  f i’c Northwest Labora tor ies  
B a t t e l l e  Boulevard 




D r .  Chuck DiMarzio 
Equipment Development Laboratory  
Advanced Development Laboratory  
E l e c t r o - O p t i c s  Department 
Raytheon Company 
Wayland, MA 01778 
Tel  ephone: 61 7/358-2721 
D r .  R ichard Doviak 
NOAA/National Severe Storms Laboratory  
1313 H a l l e y  C i r c l e  
Norman, OK 73069 
Telephone: 405/360-3620 
D r .  Dan F i t z j a r r a l d  
Geophysics F l u i d  Dynamics I n s t i t u t e  
F l o r i d a  S t a t e  U n i v e r s i t y  
Ta l  1 a hassee , FL 32206 
Telephone: 904/644-2525 
D r .  H a r o l d  B. J e f f r e y s  
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M&S Computer Corp. 
P.O.  Box 5183 
H u n t s v i l l e ,  AL 35805 
Telephone: 205i533-6987 
f 
D r .  Robert  W. Lee 
Lassen Research 
Manton, CA 96059 
Telephone: 91 6/474-3966 
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Convect ive Storms D i v i  s i o n  
N a t i o n a l  Center f o r  Atmospheric 
Boulder,  CO 80307 
Telephone: (FTS) 322-7149 
Research 
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Alabama A&M U n i v e r s i t y  
H u n t s v i l l e ,  AL 35811 
Telephone: 205/859-7353 
205/453-1583 
D r .  Haro ld  O r v i l l e  
Department o f  Meteorology 
South Dakota School o f  Mines 
and Technology 
Rapid City, SD 57701 
Telephone: 605/394-2291 
D r .  James Scoggins 
Department o f  Meteorology 
Texas A&M U n i v e r s i t y  
Col lege S t a t i o n ,  TX 77843 
Telephone : 71 3/845-?671 
D r .  James W. T e l f o r d  
Department o f  Meteorology 
U n i v e r s i t y  o f  Nevada 
Reno, NV 39503 
Telephone: 702/972-1676 
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Atmospheric Research Sec t ion  
Meteoro logy Program O f f i c e  
N a t i o n a l  Science Foundation 
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K- 4 
APPROVAL 
FIRST SCIENTIFIC WORKING GROUP MEETING OF 
AIRBORNE DOPPLER LIDAR WIND VELOCITY MEASUREMENT PROGRAM 
E d i t e d  by John W. Kaufman 
T h e . i n f o r m a t i o n  i n  t h i s  r e p o r t  has been reviewed f o r  t e c h n i c a l  con- 
t e n t .  Review of any i n f o r m a t i o n  concern ing Department o f  Defense o r  
nuc lea r  energy a c t i v i t i e s  o r  programs has been made by t h e  MSFC S e c u r i t y  
C l a s s i f i c a t i o n  O f f i c e r .  
t o  be u n c l a s s i f i e d .  
T h i s  r e p o r t ,  i n  i t s  e n t i r e t y ,  has been determined 
GEORGE H. P ~ T L  
C h i e f ,  F1 d Dynamics Branch 
P; &a, Lcil&’ C L  
WILLIAM W .  VAUGHAN / /  
Ch ie f ,  Atmospheric S c i e n v s  D i v i s i o n  
CHARLES A. LUNDQUIST 1 
D i r e c t o r ,  Space Sciences Laboratory 
US. GOVERNMENT PRINTING OFFICE: 1980-740-066/203 REGION N0 .4  
;?to 
C. 02 
